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(54) Nonvolatile semiconductor memory device and method for fabricating the same, and 
semiconductor integrated circuit device 



(57) In a semiconductor substrate having a surface 
including a first surface region at a first level, a second 
surface region at a second level lower than the first level, 
and a step side region linking the first and second sur- 
face regions together, a channel region has a triple 



structure. Thus, a high electric field is formed in a corner 
portion between the step side region and the second 
surface region and in the vicinity thereof. A high electric 
field is also formed in the first surface region. As a result, 
the efficiency, with which electrons are injected into a 
floating gate, considerably increases. 
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Description 

[0001] The present invention relates to a nonvolatile 
semiconductor memory device and a method for fabri- 
cating the same, and also relates to a semiconductor 
integrated circuit device. 

[0002] In memories for portable units and memory-in- 
corporated logic VLSI's, the technologies for nonvolatile 
memories have become increasingly important be- 
cause it is demanded to reduce the costs per bit and to 
enhance electrical rewrite functions. For such purposes, 
various structures and fabrication processes have been 
suggested. 

[0003] Hereinafter, conventional nonvolatile memo- 
ries will be described while giving the outlines of such 
structures and processes. 

[0004] Figure 23 shows the cross section of a nonvol- 
atile semiconductor memory device having a so-called 
"split-gate type" structure. Such a device was suggested 
by G. Samchisa et al. in IEEE J. Solid-State Circuits : pp. 
676,1987. 

[0005] In the device shown in Figure 23, a tunnel ox- 
ide film 102, a floating gate 103 and a capacitive insu- 
lating film 1 04 are formed on the upper surface of a sem- 
iconductor substrate 101. A control gate 105 is further 
formed so as to cover the floating gate 103. Also, in the 
semiconductor substrate 101, a source region 106, 
which have been doped with an impurity at a high con- 
centration, is formed in a region partially overlapping 
with the control gate 105, and a drain region 107, which 
have been doped with an impurity at a high concentra- 
tion, is formed in a region partially overlapping with the 
floating gate 103. 

[0006] The device shown in Figure 23 has a so-called 
"split-gate structure" in which the control gate 105 and 
the floating gate 103 are disposed via the capacitive in- 
sulating film over a channel region between the source 
region 106 and the drain region 107. The floating gate 
103 functions as a node in which information is stored 
and the charged states thereof are made to correspond 
to "0" and "1 B of the information. By utilizing the fact that 
the threshold voltage as viewed from the control gate 
105 is varied in accordance with the amount of charge 
accumulated in the floating gate 103, the reading of data 
is performed. 

[0007] The writing of data utilizes a strong lateral high 
electric field, which is generated in a boundary between 
a "drain potential extension region" in a region immedi- 
ately underthe floating gate 1 03 and an "inversion chan- 
nel region" in a region immediately under the control 
gate 105. By utilizing the phenomenon that channel hot 
electrons, which have obtained high energy as a result 
of the acceleration caused by the lateral high electric 
field, are injected into the oxide film so as to reach the 
floating gate 103, a relatively high electron injection ef- 
ficiency is achieved. Such an electron injection is called 
a "source-side injection". 

[0008] The erasure of data is performed by taking out 



the electrons in the floating gate 1 03 into the drain region 
107 by the use of a Fowler-Nordheim (FN) tunneling 
phenomenon. In order to utilize the FN tunneling phe- 
nomenon, a high electric field of about 10.5 MV/cm to 

s about 11 MV/cm is required to be formed in the oxide 
film 102. Since the tunnel oxide film 102 of the device 
of the above-cited document is as thick as 20 nm, a high 
voltage of about 21 v is applied to the drain region 107 
when data is erased. 

10 [0009] Since the structure shown in Figure 23 uses 
the drain region 107 in both cases of writing and erasing 
data, the compatibility between the operating speed and 
the reliability is insufficient. 

[0010] In order to make the operating speed and the 
is reliability compatible, a device shown in Figure 24 has 
been proposed. This device was disclosed by S. Kianian 
etal. in IEEE Symposium VLSI Technology 1994, Digest 
of Technical Papers, pp. 71. 

[0011] In the device shown in Figure 24, a gate oxide 
20 film 204, a floating gate 203 and a control gate 205 par- 
tially overlapping with the floating gate 203 are formed 
over a semiconductor substrate 201 . In the semiconduc- 
tor substrate 201, an extremely thick source region 206, 
which have been doped with an impurity at a high con- 
zs centration, is formed in a region partially overlapping 
with the floating gate 203, and a drain region 207, which 
have been doped with an impurity at a high concentra- 
tion, is formed in a region partially overlapping with the 
control gate 205. And the control gate 205 and the float- 
30 ing gate 203 are disposed via a tunnel oxide film 202 
over a channel region between the source region 206 
and the drain region 207. 

[0012] The writing of data utilizes a strong lateral high 
electric field which is generated in a boundary between 

35 an "extension region" of a high potential in the channel 
region (the "extension region" has been generated by 
applying a voltage as high as 11 v to the source region 
206) and an "inverted channel region" in a region imme- 
diately under the control gate 205. A phenomenon that 

40 channel hot electrons, which have obtained high energy 
by the lateral high electric field, are injected into the ox- 
ide film to reach the floating gate 203 is utilized. This 
data write operation is performed by exchanging the 
voltages to be applied to the source and drain regions 

45 206, 207 with each other. However, in the other re- 
spects, this operation is performed in the same way as 
the data write operation performed by the device shown 
in Figure 23. In the device shown in Figure 24, the in- 
jection efficiency is further increased by forming the 

so source region 206 deeper such that the source region 
206 overlaps with the floating gate 203 in a broader 
range to increase the capacitance coupling therebe- 
tween. 

[0013] The erasure of data is performed by taking out 
55 the electrons in the floating gate 203 into the control gate 
205 by applying a voltage of about 14 V to the control 
gate 205 and by utilizing the FN tunneling phenomenon, 
thereby trying to improve the erasure characteristics. In 
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the device shown in Figure 24, the effective channel 
length is decreased by the thick source region 206 which 
is employed for increasing the capacitance coupling 
with the floating gate 203. Thus, this device is not ap- 
propriate for further reducing the size of a memory cell, s 
[001 4] Figure 25 shows the cross section of a nonvol- 
atile semiconductor memory device which is designed 
to shorten a write time or to reduce a write voltage by 
increasing a write efficiency. This device is disclosed by 
Nakao, et al. in Japanese Laid-Open Publication No. 10 
7-115142. 

[0015] The device shown in Figure 25 uses a semi- 
conductor substrate 301 with a step 302 formed on the 
surface thereof. The surface of the semiconductor sub- 
strate 301 is divided by this step 302 into a surface at a is 
relatively high level (first surface region) and a surface 
at a relatively low level (second surface region). A tunnel 
oxide film 303 ; a floating gate 304, a capacitive insulat- 
ing film 305 and a control gate 306 are stacked in this 
order over the step 302. In the surface of the semicon- 20 
ductor substrate 301, a high-concentration source re- 
gion 307 and a high-concentration drain region 308, 
both of which have been doped with an impurity at a 
high concentration, are formed. A thin high-concentra- 
tion impurity layer (having a thickness of 0.1 u.m or less) 25 
309 extends from the high-concentration drain region 
308 along the sides of the step 302 to reach the first 
surface region. Since the thin high-concentration impu- 
rity layer 309 functions as a drain region, the region be- 
tween the high-concentration source region 307 and the 30 
high-concentration impurity layer 309 becomes a chan- 
nel region. The floating gate 304 is formed so as to over- 
lap the channel region and to cover the high-concentra- 
tion impurity layer 309. 

[0016] In such a structure, since the floating gate 304 35 
is located in the directions of the velocity vectors of 
channel hot electrons, the channel hot electron injection 
efficiency is presumably increased. 
[0017] Next, a method for fabricating the nonvolatile 
semiconductor memory device shown in Figure 25 will 40 
be described with reference to Figures 26A to 26E. 
[001 8] First, as shown in Figure 26A, an oxide film 31 1 
is formed as a mask for forming a step in the semicon- 
ductor substrate 301 made of p-type silicon. Thereafter, 
a part of the oxide film in the region where the step is to 4 $ 
be formed is etched by a commonly used patterning 
technique. Then, the semiconductor substrate 301 is 
etched by using the oxide film 311 as a mask, thereby 
forming a step in the surface of the semiconductor sub- 
strate 301 . Subsequently, As ions are implanted into the so 
t whole of the step side region and the second surface 
region at a relatively high dose of 1.0X10 15 cm" 2 and 
with an acceleration energy of 20 keV. This ion implan- 
tation is performed by a large-angle-tilt ion implantation 
technique in which the implantation angle is set at 30 ss 
degrees. As a result, as/shown in Figure 26B, the thin 
high-concentration impurity layer 309 is formed in the 
whole of the step side region and the second surface 



region. It is described in the above-cited document that 
the high-concentration impurity layer 309 thermally dif- 
fuses during. the fabrication process and it is also de- 
scribed therein that the resulting thickness thereof after 
the fabrication process is completed becomes O.OSjim. 
Next, as shown in Figure 26C, the oxide film 311 is re- 
moved and then the surface of the semiconductor sub- 
strate 301 is thermally oxidized, thereby forming the tun- 
nel oxide film 303 as a first insulating layer so that the 
film has a thickness of 10 nm. Furthermore, CVD poly- 
silicon having a thickness of 200 nm is deposited ther- 
eon, thereby forming the floating gate 304. A second in- 
sulating film (thickness: 20 nm) 305 functioning as a ca- 
pacitive insulating film is formed on the floating gate 304 
by thermally oxidizing the surface of the floating gate 
304. Thereafter, a CVD poly-silicon film having a thick- 
ness of 200 nm is deposited thereon, thereby forming 
the control gate 306. 

[0019] The floating gate 304, the capacitive insulating 
film 305 and the control gate 306 are patterned as 
shown in Figure 26D. And then, as shown in Figure 26E, 
As ions are implanted into the semiconductor substrate 
301 at a dose of 3.0x 1 0 1 5 cm -2 and with an acceleration 
energy of 50 keV, thereby forming the high-concentra- 
tion source region 307 and the high-concentration drain 
region 308. 

[0020] In the nonvolatile semiconductor memory de- 
vice shown in Figure 25, since the floating gate 304 is 
formed in the directions of the velocity vectors of chan- 
nel hot electrons, the channel hot electron injection ef- 
ficiency is allegedly increased. For such a purpose, a 
thin drain layer having a symmetric impurity concentra- 
tion is formed as a high -concent rat ion impurity layer so 
as to uniformly cover the step by implanting As ions by 
a large-angle-tilt ion implantation in which the implanta- 
tion angle is set at 30 degrees, the acceleration energy 
is set at as low as 20 keV and the dose is set at 1 .Ox 1 0 1 5 
cm" 2 . The resulting impurity concentration thereof 
reaches 1 .0X10 20 cm- 3 . 

[0021] Since the devices shown in Figures 23 and 25 
utilize the FN tunneling phenomenon for erasing data, 
abrupt band bending and a high electric field are gener- 
ated at the edge of the drain region in the vicinity of the 
surface thereof, and the holes, which have been gener- 
ated by the band-to-band tunneling current, are injected 
into the oxide film. As a result, a variation is caused in 
erasure characteristics and a retention margin and a 
write disturb margin are degraded. Particularly when da- 
ta is erased from a large block, it takes a time 1 00 times 
or more as long as the time required for one-bit erasure. 
Thus, in a memory cell having a weak resistance, the 
retention margin is seriously degraded. In addition, even 
when the drain voltage is restricted to about 1.5 V for 
reading, it is still impossible to suppress the degradation 
of the read disturb margin. 

[0022] In the device shown in Figure 2$, since the 
high-concentration drain layer reaches the surface of 
the upper part of the step, the electron injection efficien- 
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cy cannot be increased and the variation in erasure 
characteristics and the degradation of the write disturb 
margin and the read disturb margin cannot be sup- 
pressed. The reasons thereof are as follows. At the edge 
of the high-concentration drain layer, a drain potential, 5 
which has been applied to the drain region in a corner 
portion in the upper part of the step, can be retained. 
However, the horizontal electric field intensity dramati- 
cally decreases in the high-concentration drain layer 
and the energy of hot electrons decreases in the inter- 10 
face with the semiconductor substrate in the step side 
region. Though some distance differential is generated 
by the non-equilibrium transportation between the posi- 
tion of the peak of electric field and the position of an 
average energy peak of electrons, the differential is ap- 15 
proximately on the order of a mean free path. In a silicon 
crystal, the differential is about 1 0 nm. As the difference 
between the thickness of the thin drain layer and this 
value increases, the energy of electrons in the silicon 
interface in the step side region exponentially decreases 20 
so that the electron injection efficiency is decreased. 
That is to say, this structure requires an extremely thin 
drain layer. Furthermore, in the high-concentration drain 
layer the hot electrons come into contact with the elec- 
trons in a thermal equilibrium state : thereby scattering 25 
the electrons, making the directions of the electron ve- 
locity vectors less aligned with the direction of the elec- 
tric field and resulting in a decrease of the electron in- 
jection efficiency. Thus, for example, if the impurity con- 
centration within the drain layer is symmetrically de- 30 
creased so as to suppress the scattering of electrons 
within the drain layer, then the drain potential drops in 
the extremely thin drain layer formed along the side and 
the bottom of the step, the drain potential also drops in 
the corner portion in the upper part of the step and the 35 
horizontal electric field intensity decreases between the 
drain layer and the channel. As a result, the electron 
injection efficiency also decreases in the step side re- 
gion. 

[0023] Moreover, this structure cannot erase data by 40 
taking out electrons from the floating gate into the drain 
layer by utilizing the Fowler-Nordheim (FN) tunneling 
phenomenon. Since the high-concentration drain layer 
is in contact with the channel region, it is necessary, for 
example, to apply an electric field weakening diffusion 45 
layer surrounding the high: concentration drain region, 
in order to suppress the generation of the band-to-band 
tunneling current during erasure. However, in such a 
case : the electron injection efficiency is extremely de- 
creased during writing, and such a structure cannot be so 
fabricated at a very small size because of a short chan- 
nel effect. 

[0024] Furthermore, even when the drain voltage is 
restricted to about 1 .5 V during reading, the read disturb 
margin is still degraded by the thin high-concentration 55 
drain layer. . 

[0025] Therefore, it is an object of the present inven- 
tion to provide a nonvolatile semiconductor memory de- 
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vice that can remarkably increase electron injection ef- 
ficiency, thereby enabling a high-speed write operation 
and a low-power-consumption operation. 
[0026] Further, it is an object of the present invention 
to provide a method for fabricating the inventive nonvol- 
atile semiconductor memory device and to provide a 
semiconductor integrated circuit device including a plu- 
rality of the inventive nonvolatile semiconductor memo- 
ry devices. 

[0027] This object is achieved with a nonvolatile sem- 
iconductor memory device having the features of one of 
claims 1, 25 or 28, a semiconductor integrated circuit 
device having the features of claim 27 and a method for 
fabricating a nonvolatile semiconductor memory device 
having the features of claim 30. 

[0028] A nonvolatile semiconductor memory device 
according to the present invention includes: a substrate 
having a surface including a first surface region at a first 
level, a second surface region at a second level lower 
than the first level and a step side region linking the first 
and second surface regions together; a channel region 
in the first surface region of the substrate; source and 
drain regions formed to interpose the channel region 
therebetween; an insulating film on the surface of the 
substrate, the insulating film including a first part on the 
first surface region and a second part on the step side 
region and the second surface region; a floating gate 
formed on the insulating film, part of the floating gate 
facing the step side region through the second part of 
the insulating film, another part of the floating gate fac- 
ing the first surface region through the first part of the 
insulating film; and a control gate on the first part of the 
insulating film, the control gate being capacitively cou- 
pled to the floating gate whereby a boundary between 
the floating gate and the control gate is located at a po- 
sition away from the step side region towards the source 
region. 

[0029] Another nonvolatile semiconductor memory 
device according to the present invention includes: a 
substrate with a concave portion in a surface thereof; a 
floating gate with a surface facing a corner portion be- 
tween the bottom and a side of the concave portion; and 
a control gate above a channel region, and being ca- 
pacitively coupled to the floating gate, the channel re- 
gion including a part having an impurity concentration 
lower than that of the remaining part thereof, the part 
being located adjacent to the concave portion, such that, 
in writing data, hot electrons can be generated in the 
channel region, and at least part of the hot electrons can 
be injected from the corner portion of the concave por- 
tion into the floating gate. 

[0030] Still another nonvolatile semiconductor mem- 
ory device of a split -type according to the present inven- 
tion includes: a substrate; a channel region in the sub- 
strate; source and drain regions formed to interpose the 
channel region therebetween; a control gate above the 
channel region; and a floating gate adjacent to the con- 
trol gate with an insulating' film interposed therebe- 



BNSDOCID: <EP 0935293A2J_> 



4 



7 



EP 0 935 293 A2 



8 



tween. The device is characterized in that part of the 
channel region, which is covered with the floating gate, 
has been implanted with an impurity of the same con- 
ductivity type as that of an impurity for the drain region 
and is inverted during a write operation. 
[0031] A semiconductor integrated circuit device ac- 
cording to the present invention has a plurality of non- 
volatile memory cells of this invention. The semiconduc- 
tor integrated circuit device includes: a substrate having 
a surface including a first surface region at a first level, 
a second surface region at a second level lower than 
the first level, and a step side region linking the first and 
second surface regions together, and a driver circuit on 
the substrate for driving the plurality of nonvolatile mem- 
ory cells. 

[0032] A method for fabricating a nonvolatile semi- 
conductor memory device according to the present in- 
vention includes the steps of: forming a first insulating 
film on a substrate; forming a control gate on the first 
insulating film; forming a sidewall on at least one side of 
the control gate; etching the surface of the substrate us- 
ing at least the control gate and the sidewall as a mask, 
thereby forming, in the substrate, a concave portion hav- 
ing a step side at a' position aligned with a position of 
one edge of the sidewall; forming a low-concentration 
impurity layer functioning as part of a drain region in the 
concave portion of the substrate; removing the sidewall; 
and forming a floating gate adjacent to the control gate 
and overlapping the step side. 

[0033] According to the present invention, a high elec- 
tric field is formed in the channel region and near the 
step side region. 

[0034] Preferred embodiments are the subject matter 
of respective subclaims. 

[0035] Further, with the inventive arrangement, very 
large scale integration is possible. In addition, erasing 
data by taking out electrons from a floating gate into a 
control gate or a drain region is possible. The erasure 
characteristics are improved by suppressing the injec- 
tion of holes into an oxide film when data is erased. Fur- 
thermore, suppressing the degradation of a read disturb 
margin and increasing the high-speed readability are 
possible. 

[0036] These and other objects, features and advan- 
tages of the present invention will be apparent from the 
following more particular description of preferred em- 
bodiments as illustrated in the accompanying drawings 
in which: 

[0037] Figure 1 A is a cross-sectional view of the first 
embodiment of the nonvolatile semiconductor memory 
device according to the present invention, and Figure 
1 B is a view showing a planar layout thereof. 
[0038] Figures 2A to 2D are cross-sectional views 
showing the respective process steps for fabricating the 
device of Figure 1 . 

[0039] Figures 3A to 3D are cross-sectional views 
showing the respective process steps for fabricating the 
device of Figure 1. 



[0040] Figure 4 is a graph showing the impurity con- 
centration profiles obtained by calculator simulations for 
the nonvolatile semiconductor memory device of the 
present invention. 

5 [0041] Figure 5 is a graph showing the gate voltage 
dependence of the electric field intensity which has been 
obtained based on the calculator simulations for the 
nonvolatile semiconductor memory device of the 
present invention and for a conventional nonvolatile 

10 semiconductor memory device having a flat drain struc- 
ture. 

[0042] Figure 6 is a graph showing potential profiles 
obtained based on calculator simulations for the nonvol- 
atile semiconductor memory device of the present in- 
15 vention. 

[0043] Figure 7 is a graph showing electric field inten- 
sity profiles obtained based on calculator simulations for 
the nonvolatile semiconductor memory device of the 
present invention. 

20 [0044] Figure 8 is a two-dimensional distribution dia- 
gram illustrating the generation rates of electron/hole 
pairs which have been generated by impact ionization. 
[0045] Figure 9 is a graph showing the control gate 
voltage dependence of the floating gate current density 

25 obtained based on calculator simulations for the nonvol- 
atile semiconductor memory device of the present in- 
vention. 

[0046] Figure 1 0 is a cross-sectional view showing the 
second embodiment of the nonvolatile semiconductor 
30 memory device according to the present invention. 
[0047] Figures 11 A to 11 C are cross-sectional views 
showing the respective process steps for fabricating the 
device of Figure 10. 

[0048] Figure 12A is a cross-sectional view showing 
35 the third embodiment of the nonvolatile semiconductor 
memory device according to the present invention and 
Figure 12B is a cross-sectional view of a modified ex- 
ample thereof. 

[0049] Figures 1 3 A, 1 3B and 1 3C are cross-sectional 
40 views of the fourth embodiment of the nonvolatile sem- 
iconductor memory device according to the present in- 
vention during the respective fabrication process steps 
thereof. 

[0050] Figure 1 4 is a cross-sectional view showing the 
45 fifth embodiment of the nonvolatile semiconductor 

memory device according to the present invention. 

[0051] Figures 15A to 15C are cross-sectional views 

showing the respective process steps for fabricating the 

device of Figure 14. 
so [0052] Figures 16A to 16C are cross-sectional views 

showing the respective process steps for fabricating the 

device of Figure 14. 

[0053] Figures 17A to 17C are views showing planar 
layouts of the opening of a mask for forming a concave 
55 portion. 

[0054] Figure 18 , is a view of a concave portion, 
formed in the surface of a silicon substrate by a chemical 
dry etching process, based on a photograph obtained 



5 



BNSOOCID: <EP 0935293A2J_> 



9 



EP 0 935 293 A2 



10 



by scanning electron microscopy. 
[0055] Figures 19A and 19B are schematic diagrams 
showing various fashions in which electrons are injected 
for the nonvolatile semiconductor memory device of the 
present invention. 

[0056] Figures 20A and 20B are schematic diagrams 
showing the relationships between the shape of a step 
and the electron injection for the nonvolatile semicon- 
ductor memory device of the present invention. 
[0057] Figures 21 A and 21 B are plan views showing 
modified examples of the nonvolatile semiconductor 
memory device of the present invention. 
[0058] Figure 22 is a diagram showing a configuration 
of the semiconductor integrated circuit device of the 
present invention. 

[0059] Figure 23 is a cross-sectional view of a con- 
ventional nonvolatile semiconductor memory device. 
[0060] Figure 24 is a cross-sectional view of another 
conventional nonvolatile semiconductor memory de- 
vice. 

[0061] Figure 25 is a cross-sectional view of still an- 
other conventional nonvolatile semiconductor memory 
device. 

[0062] Figures 26 A to 26E are cross-sectional views 
showing respective process steps for fabricating the de- 
vice of Figure 25. 

[0063] Figure 27 is a cross-sectional view of a struc- 
ture including floating and control gates, which are ad- 
jacent to each other with an insulating film interposed 
therebetween over a p-type silicon substrate having a 
flat surface 

[0064] Figure 28 is a graph illustrating doping profiles 
for the structure shown in Figure 27. 
[0065] Figure 29 is a graph illustrating potential pro- 
files formed in the surface of the silicon substrate of the 
structure shown in Figure 27 during a write operation. 
[0066] Figure 30 is a graph illustrating intensity pro- 
files of electric fields formed in the surface of the silicon 
substrate of the structure shown in Figure 27 during a 
write operation. 

[0067] Hereinafter, embodiments of the present in- 
vention will be described with reference to the accom- 
panying drawings. 

(FIRST EMBODIMENT) 

[0068] Figure 1 A shows the cross section of the first 
embodiment of the nonvolatile semiconductor memory 
device according to the present invention. Figure 1B 
shows a planar layout of the main components thereof. 
A single nonvolatile memory is illustrated in Figures 1 A 
and 1 B for the sake of simplicity. However, in actuality, 
a large number of nonvolatile memories are arranged 
on one and same substrate. 

[0069] As shown in Figure 1A, the nonvolatile semi- 
conductor memory device of this embodiment includes 
a semiconductor substrate 1 (p-type silicon substrate) 
with an element isolation layer 21 formed on the surface 



thereof. In a region (active region) of the surface of the 
substrate 1 in which region the element isolation layer 
21 is not formed, a step is formed. The surface of the 
substrate 1 is divided by this step into a surface region 

5 at a relatively high level (first surface region) 11 and a 
surface region at a relatively low level (second surface 
region) 12. The level difference (height of the step) be- 
tween the first and second surface regions 11 , 12 is, for 
example, in the range from 30 nm to 70 nm. The size of 

io the step is preferably in the range from 1 0 nm to 1 50 nm. 
[0070] In this specification, the first surface region 11 
will sometimes be referred to as an "upper part of the 
step" and the second surface region 12 will sometimes 
be referred to as a "bottom of the step". Also, the surface 

is region between the first surface region 11 and the sec- 
ond surface region 12 will be referred to as a "step side 
region" 13. 

[0071] The first surface region 11 and the second sur- 
face region 12 are linked together by the step side region 

20 13. In the cross-sectional view of Figure 1A, the step 
side region 1 3 is shown as a side vertical to the surface 
of the substrate. Alternatively, the step side region 13 
may be constituted by a curved surface or may be 
formed so as to be inclined with respect to the second 

25 surface region 12, as will be described later. 

[0072] On the surface of the sem iconductor substrate 
1 , a control gate 6 is formed over the first surface region 
11 via a first insulating film 3. The first insulating film 3 
extends from the first surface region 1 1 to reach the sec- 

30 ond surface region 12 by way of the step side region 13. 
A part of the first insulating film 3, which overlaps the 
step side region 1 3, functions as a tunnel oxide film. On 
the tunnel oxide film 3, a floating gate 4 is formed so as 
to be adjacent to the control gate 6. The first insulating 

35 film 3 is formed to be relatively thin under the floating 
gate 4 and to be relatively thick under the control gate 

6. The floating gate 4 is capacitively coupled to the con- 
trol gate 6 via a capacitive insulating film 5. The control 
gate 6 is either connected to a word line or patterned 

40 such that the control gate 6 itself functions as a word 
line. The floating gate 4 has a surface (convex surface) 
facing the step side region 13 and the second surface 
region 12 via the tunnel oxide film 3 and a surface (con- 
cave surface) facing the step side region 1 3 and the first 

45 surface region 11 via the tunnel oxide film 3. 

[0073] In the surface of the semiconductor substrate 

I, a source region 7 is formed in the first surface region 

II, a drain region 8 is formed in the second surface re- 
gion 12, and a channel region 9 is formed in the first 

50 surface region 11 so as to be interposed between the 
source region 7 and the drain region 8. 
[0074] Next, the configurations of the source region 

7, the drain region 8 and the channel region 9 will be 
described in more detail. 

55 [0075] The drain region 8 includes a high-concentra- 
tion impurity layer 8a formed in the second surface re- 
gion 12 and a low-concentration impurity layer 8b 
formed in the second surface region 12. The low-con- 
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centration impurity layer 8b is electrically connected to 
the high-concentration impurity layer 8a. The high-con- 
centration impurity layer 8a is connected to a wire (not 
shown). In this specification, the high-concentration im- 
purity layer 8a and the low-concentration impurity layer 
8b of the. drain region 8 will sometimes be referred to 
as a "high-concentration drain region" 8a and a "low- 
concentration drain region" 8b, respectively. The impu- 
rity concentration of the low-concentration drain region 
8b is lower than the impurity concentration of the high- 
concentration drain region 8a. 

[0076] In this embodiment, the low-concentration 
drain region 8b extends from the high-concentration 
drain region 8a to a corner portion between the second 
surface region 12 and the step side region 13 to entirely 
cover the corner portion, but does not reach the first sur- 
face region 11. Asa result, in the corner portion between 
the second surface region 12 and the step side region 
13, the convex part of the lower surface of the floating 
gate 4 faces one end of the low-concentration drain re- 
gion 8b. The low-concentration drain region 8b also fac- 
es the bottom surface of the floating gate 4 via the tunnel 
oxide film 3. 

[0077] The source region 7 formed in the first surface 
region 11 includes a high-concentration impurity layer 
7a and a low-concentration impurity layer 7b having an 
impurity concentration lower than the impurity concen- 
tration of the high-concentration impurity layer 7a. The 
low-concentration impurity layer 7b is provided between 
the high-concentration impurity layer 7a and the channel 
region 9, and faces an edge portion of the control gate 
6 via the tunnel oxide film 3. It is noted that, as shown 
in this figure, the source region 7 is connected to a bit 
line. In this specification, the high-concentration impuri- 
ty layer 7a and the low-concentration impurity layer 7b 
of the source region 7 will sometimes be simply referred 
to as a "high-concentration source region" 7a and a 
"low-concentration source region" 7b, respectively. 
[0078] The channel region 9 includes: a p-type low- 
concentration impurity layer 9c formed in its part adja- 
cent to the source region 7; an n--type extremely- low- 
concentration impurity layer 9a formed in the step side 
region 13 and having the same conductivity type as that 
(n-type) of the drain region 8; and a pMype high-con- 
centration impurity layer 9b formed between the n"-type 
extremely-low-concentration impurity layer 9a and the 
p-type low-concentration impurity layer 9c. The impurity 
concentration in the channel region 9 is asymmetric 
along the channel longitudinal direction. In this specifi- 
cation, such a channel will be referred to as a "triple 
channel". Also, in this specification, the p + -type high- 
concentration impurity layer 9b and the p-type low-con- 
centration impurity layer 9c of the channel region 9 will 
sometimes be simply referred to as a "high-concentra- 
tion channel region" 9b and a "low-concentration chan- 
nel region" 9c, respectively. When the potential in the 
floating gate 4 is high, part of the n'-type extremely-low- 
concentration impurity layer 9a of the channel region 9 



is inverted at its part adjacent to the step side region 13 
to form a "drain potential extension region" having a 
thickness of 10 to 20 nm. It is difficult to form such an 
extremely thin drain region by an ordinary impurity dop- 

5 ing technique. The drain potential extension region does 
not scatter hot electrons that have moved horizontally. 
Accordingly, the channel hot electrons neither lose their 
energy nor change their moving direction in the drain 
potential extension region and are injected into the float- 

10 jng gate with high efficiency. 

[0079] A potential in the upper part of the step side 
region 1 3 (part of the channel region) shows a value ap- 
proximate to that in the drain region 8 owing to the ex- 
istence of the n"-type extremely-low-concentration im- 

is purity layer 9a. However, the impurity layer 9a is not al- 
ways required to be of n _ -type, but may be of p"-type in 
order that the step side region and the vicinity thereof 
function as a "drain potential extension region". 
[0080] It should be noted that the p + -type high-con- 

20 centration impurity layer 9b of the channel region 9 is 
labeled as such for convenience, because the layer 9b 
has an impurity concentration higher than that of the p- 
type low-concentration impurity layer 9c. The point is 
that the impurity concentration locally increases in part 

25 of the channel region 9 covered with the floating gate 4 
(in the vicinity of the boundary between the floating gate 
4 and the control gate 6). Thus, the drain potential ex- 
tension region formed in the step side region 1 3 reaches 
the first surface region 11 , and the intensity of a horizon- 

30 tal electric field (first horizontal electric field) formed be- 
tween the drain potential extension region and the chan- 
nel region increases. Furthermore, if the size of a region 
where the floating gate 4 overlaps witfUhe first surface 
region 11 is as small as 40 nm or less when measured 

35 in the channel longitudinal direction, a second horizontal 
electric field, which is formed just under the center of 
the boundary between the control gate 6 and the floating 
gate 4, overlaps with the first horizontal electric field. As 
a result, the electric field formed in the channel region 

.40 is further intensified. Such overlap of two horizontal 
electric fields is not observed in a device of the stacked- 
gate type, but unique to a device of a split-gate type. 
[0081] Although the p + -type high-concentration impu- 
rity layer 9b is illustrated in Figure 1A as expanding 

45 deeper into the region under the control gate 6, the size 
of the region where the control gate 6 overlaps with the 
p + -type high-concentration impurity layer 9b (i.e., the 
size measured in the channel longitudinal direction) is 
preferably small. 

so [0082] As shown in Figure 1B, a rectangular active re- 
gion 1 0 is formed so as to be surrounded by the element 
isolation layer 21. However, it is noted that the shape of 
the active region 10 is not limited to the illustrated one. 
As described above, the active region lo is divided by 

55 the step side region 13 into the first surface region 11 
.♦ 'and the second surface region 12. The floating gate 4 
is disposed so as to overlap the step side region 1 3 and 
partially covers both the first surface region 11 and the 



BNSDOCID: <EP 0935293A2J_> 



13 



EP 0 935 293 A2 



14 



second surface region 12. The control gate 6 lies over 
the first surface region 11 and is adjacent to the floating 
gate 4. In the active region 10, a pair of n-type high- 
concentration impurity layers (n + layers) are formed in 
regions which are not covered with the floating gate 4 
and the control gate 6 and function as the high-concen- 
tration source region 7a and the high-concentration 
drain region 8a, respectively. Inside the region covered 
with the floating gate 4 and the control gate 6, the low- 
concentration drain region 8b, the extremely-low-con- 
centration impurity layer 9a, the high-concentration 
channel region 9b and the low-concentration channel 
region 9c are disposed. 

[0083] As can be seen from Figure 1B, the floating 
gate 4 has an isolated pattern and thus is electrically 
isolated from the floating gates of the other nonvolatile 
memories (not shown). Though the control gate 6 is pro- 
vided in a location adjacent to the floating gate 4, the 
control gate 6 is not always required to have an isolated 
pattern unlike the floating gate 4, but may be configured 
so as to be integrated with a word line. 
[0084] Next, exemplary operations of the device of 
this embodiment for writing, reading and erasing data 
will be briefly described. 

[0085] First, in writing data, a relatively high voltage 
of about 3.3 V is applied to the control gate 6 : a voltage 
of 0 V is applied to the source region 7, and a voltage 
of about 5 V is applied to the drain region 8. Then, hot 
electrons are generated in the channel region 9 and are 
injected into the floating gate 4. The writing of data is 
performed in this manner. 

[0086] In reading data, the level relationship between 
the voltages to be applied to the source region 7 and the 
drain region 8 is inverted. Specifically, a voltage of 3.3 

V is applied to the control gate 6, a voltage of 3.3 V is 
applied to the source region 7, and a voltage of about 0 

V is applied to the drain region 8. 

[0087] In order to erase data, a voltage of -5 V is ap- 
plied to the control gate 6 and a voltage of about 7 V is 
applied to the drain region 8, thereby taking out the elec- 
trons accumulated in the floating gate 4 into the drain 
region 8 via the tunnel oxide film 3. The electrons pass 
through the tunnel oxide film 3 based on the FN* tun- 
neling phenomenon. 

[0088] The nonvolatile semiconductor memory de- 
vice shown in Figures 1A and 1B is principally charac- 
terized in (1 ) that the channel region 9 has a triple struc- 
ture consisting of the n--type or pMype extremely-low- 
concentration impurity layer 9a, the pMype high-con- 
centration impurity layer 9b and the p-type low-concen- 
tration impurity layer 9c and (2) that the low-concentra- 
tion drain region 8b is formed so as to cover the corner 
portion at the bottom of the step. 
[0089] Since the device has such features, it is pos- 
sible to employ a circuit configuration in which the elec- 
trons in the floating gate 4 are taken out into the control 
gate 6 by utilizing the FN tunneling phenomenon and by 
using the second insulating film as a tunnel oxide film, 



or a circuit configuration in which the electrons are taken 
out from the floating gate into the drain layer by utilizing 
the FN tunneling phenomenon and by using the first in- 
sulating film as a tunnel oxide film. 

5 [0090] In addition, since the device has the above-de- 
scribed features (1 ) and (2), the threshold voltage Vt of 
the floating gate 4 may be set at about 0.0 V to about 
0.3 V in order to perform a read operation at a high 
speed. Moreover, thanks to the above-described feature 

10 (1 ), it is possible to electrically form the "drain potential 
extension region" in the end portion of the channel re- 
gion 9 (i.e., the portion covered with the floating gate 4). 
As a result, a strong lateral electric field can be gener- 
ated in the boundary between the inversion channel re- 

15 gion, which is immediately under the control gate 6, and 
the "drain potential extension region". Consequently, 
the electron injection efficiency in the step side region 
13 can be increased. Furthermore, the above-described 
feature (2) enhances the effects to be attained by the 
20 electrical formation of the "drain potential extension re- 
gion". 

[0091] Since this device has such a drain structure, 
when a voltage of about 5 V is applied to the drain region 
8 in writing data, part of the m-type extremely- low-con - 

2S centration impurity layer 9a (near the surface) is invert- 
ed. In this case, since the n-type low-concentration drain 
region 8b has a higher impurity concentration than that 
of the n*-type extremely- low-concentration impurity lay- 
er 9a, only a part of the n-type low-concentration drain 

30 region 8b (i.e., a part adjacent to the nMype extremely- 
low-concentration impurity layer 9a) is depleted. As a 
result, a high electric field is formed in the corner portion 
between the second surface region 1 2 and the step side 
region 13 (in this specification, such a portion will some- 

35 times be simply referred to as a "step bottom corner"). 
In this case, a voltage almost as high as the voltage ap- 
plied to the drain region 8 (he., a drain voltage) is applied 
to the floating gate 4. However, since the floating gate 
4 has a shape corresponding to the shape of the step 

40 bottom corner, the effect of the floating gate 4 weaken- 
ing the electric field intensity of the drain region 8 is re- 
duced. As a result, in the structure shown in Figure 1 A, 
a high electric field is formed upon the application of a 
low drain voltage. This effect is further enhanced if a part 

45 of the tunnel oxide film 3 over the step side region 1 3 is 
thicker than the other parts thereof. In addition, since 
the electrons flow while making a detour around the cor- 
ner portion, the conditions for making the electrons ob- 
tain high energy match with the conditions for injecting 

50 the electrons into the floating gate 4. As a result, the 
electron injection efficiency can be remarkably in- 
creased in the step bottom corner. If the step bottom cor- 
ner is constituted by a surface having a relatively large 
curvature, then the conditions for making the electrons 

55 obtain high energy more satisfactorily match with the 
conditions for injecting the electrons into the floating 
gate. As a result, the electron injection efficiency is fur- 
ther increased. 
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[0092] When a voltage is applied to the high-concen- 
tration drain region 8a, the n*-type extrernely-low-con- 
centration impurity layer 9a plays a role of heightening 
the potential in the corner portion in upper part of the 
step. In addition, when the electrons are taken out from s 
the floating gate 4 into the drain region 8 by utilizing the 
FN tunneling phenomenon of the tunnel oxide film 3 for 
erasing data, the n'-type extremely-low-concentration 
impurity layer 9a also plays a role of preventing abrupt 
band bending and a high electric field from being gen- 10 
erated in the vicinity of the surface even when a negative 
bias is applied to the floating gate 4. As a result, it is 
possible to suppress a phenomenon that the holes gen- 
erated in band-to-band tunneling current are injected in- 
to the oxide film. 

[0093] Another feature of the device of this embodi- 
ment consists in that the impurity concentration in the 
channel region 9 is high in the region adjacent to the 
extremely-low-concentration impurity layer 9a and be- 
comes gradually lower as it is closer to the source region 
7. The high-concentration channel region 9b, formed so 
as to be adjacent to the extremely-low-concentration im- 
purity layer 9a, functions to prevent the electrically 
formed "drain potential extension region" from extend- 
ing from the step side region 13 to reach the region im- 
mediately under the control gate 6. As a result, the in- 
tensity of the lateral electric field in the boundary be- 
tween the inversion channel region located immediately 
under the control gate 6 and the channel region located 
immediately under the floating gate 4 is further in- 
creased. The increment effect of the electric field inten- 
sity is more noticeable as compared with a case of mere- 
ly splitting the control gate 6 and the floating gate 4 from 
each other. As a result, the electrons can be injected 
into the floating gate 4 via the step side region 1 3 with 
a higher efficiency. In other words, such a structure can 
not only cause the injection of the electrons in the step 
bottom corner, bur also increase the electron injection 
efficiency in the upper corner of the step side region 1 3, 
thereby remarkably increasing the electron injection ef- 
ficiency as a whole. 

[0094] Moreover, since the low-concentration drain 
region 8b faces the floating gate 4 over a wide range, 
the data erasure of taking the electrons out from the 
floating gate 4 into the drain region 8 can be performed 
efficiently. In performing data erasure of such a type, 
even when a high bias is applied to the drain region 8 
and a negative bias is applied to the floating gate 4 in 
order to erase data, it is possible to suppress the injec- 
tion of holes into the tunnel oxide film 3. As a result, the 
data erasure characteristics can be improved. 
[0095] Next, a method for fabricating the nonvolatile 
semiconductor memory device will be described with 
reference to Figures 2A through 2D and Figures 3A 
through 3D. 

[0096] First, as shown in Figure 2A, an element iso- 
lation layer 21 is formed on the surface of a p-type silicon 
substrate 1. The region of the surface of the substrate 



1, where the element isolation layer 21 is not formed, 
becomes an active region 10. After a protective oxide 
film is formed over the active region 10 by a thermal ox- 
idization method, the surface of the substrate 1 is cov- 
ered with a resist mask 22. The resist mask 22 is a mask 
used when an impurity (p-type impurity) is doped to form 
the channel region 9 and is patterned so as not to cover 
the region into which the impurity should be implanted. 
Thereafter, boron ions (p-type impurity ions) are im- 
planted into the active region 10, functioning as a mem- 
ory section, under the conditions where the acceleration 
energy is set at 30 keV and the dose is set at 
2.5X1 0 12 cm' 2 . This ion implantation is performed in or- 
der to control a threshold voltage. As a result, a p layer 
9c', including the region to be the low-concentration 
channel region 9c, is formed over the entire surface of 
the active region 10. 

[0097] Next, after a gate oxide film having a thickness 
of 1 4 nm is formed, a poly-silicon film having a thickness 
of 330 nm and an HTO (high temperature oxide) film 23 
having a thickness of 50 nm are deposited by performing 
a CVD method or the like. The film 23 may be made of 
silicon nitride, instead of HTO. Thereafter, these stacked 
films are patterned by utilizing a known lithography tech- 
nique and a known etching technique, thereby forming 
the control gate 6 such as that shown in Figure 2B. 
[0098] Next, after a resist mask 24 has been formed 
as shown in Figure 2c, boron ions are implanted into the 
active region 10 under the conditions where the accel- 
eration energy is set at 10 keV and the dose is set at 
2.0X1 0 14 cm' 2 . In this case, by setting the implantation 
angle at 20° in accordance with a large-angle-tilt ion im- 
plantation technique, the ions are also implanted into the 
region below the edge of the control gate 6. By perform- 
ing this ion implantation, a p + layer 9b' including the re- 
gion to be the high-concentration channel region 9b is 
formed as a shallow layer in the surface of the substrate 
1. 

[0099] Next, as shown in Figure 2D, after a resist 
mask 25 has been formed, a low-concentration source 
region 7b is formed by an ion implantation technique. 
After the resist mask 25 has been removed, the sides 
of the control gate 6 are thermally oxidized, thereby 
forming sidewall oxide films 26 as shown in Figure 3A. 
Thereafter, sidewalls 27 of a BPSG film having a thick- 
ness of about 50 nm are formed. By adjusting the thick- 
ness of the sidewalls 27, the distance between the edge 
of the control gate 6 and a concave portion to be formed 
later can be controlled. 

[0100] Subsequently, as shown in Figure 3B, a resist 
mask 28 having an opening 29 far exposing a part of the 
active region 10 is formed over the substrate 1. The lo- 
cation and the planar shape of the opening 29 substan- 
tially define the location and the planar shape of a con- 
cave portion to be formed in the surface of the substrate 
1 later. The opening 29 of the resist mask 28 has such 
a planar shape as that shown in Figure 17A, for exam- 
ple. 
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[0101] Thereafter, the surface of the substrate 1 is 
etched by about 30 nm to about 70 nm by using the resist 
mask 28 as an etching mask, thereby forming the con- 
cave portion in the surface of the substrate 1 . In this em- 
bodiment, by forming the concave portion, a step struc- 
ture is provided for the surface of the substrate 1 . How- 
ever, the method for forming a step in the active region 
10 of the substrate 1 is not limited to this method for 
forming the concave portion in the active region 10. 
[01 02] The etching for forming the concave portion in 
the active region 1 0 is preferably performed by a method 
which is less likely to do much damage to the substrate 
1 (for example, by a chemical dry etching (CDE) proc- 
ess). In the CDE process, radicals of an etching gas are 
generated, and silicon is etched by producing a chemi- 
cal reaction between the exposed surface of the silicon 
substrate 1 and the radicals. Thus, the CDE does not 
do damage to the substrate 1. The cross section of the 
concave portion which has been formed by the CDE 
process under anisotropic conditions is shown in Figure 
1 8. Figure 1 8 is a view which has been drawn based on 
a photograph obtained by scanning electron microscopy 
(SEM). As can be seen from Figure 18, a concave por- 
tion 51 (having a depth of about 50 nm) is formed in the 
surface of the silicon substrate 1 by performing, the CDE 
process. This CDE process is performed by using a pho- 
toresist 50 as a mask. A corner portion 55 between the 
bottom surface (i.e., the second surface region 53) and 
a side (i.e., the step side region 54) of the concave por- 
tion 51 is constituted by a gently curved surface. Such 
a curved corner portion 55 plays a role of increasing the 
efficiency with which the electrons are injected into the 
floating gate, as described above. In addition, it has 
been confirmed that a tunnel oxide film (not shown) 
formed by thermally oxidizing the side 54 and the bottom 
surface 53 of the concave portion 51 has a satisfactory 
film quality. 

[0103] Figure 17A will be referred to again. In the case 
of performing an etching process for forming a concave 
portion by using the resist mask 28 having such an 
opening 29 as that shown in Figure 17A, a part of the 
element isolation layer 21 is exposed through the open- 
ing 29. However, since the etching process is performed 
under the conditions defined for selectively etching sili- 
con, the etching of the element isolation layer 21 is neg- 
ligible. Strictly speaking, the surface of the silicon sub- 
strate 1 is etched by using the resist mask 28 and the 
element isolation layer 21 as a mask during this etching 
process. In the case shown in Figure 17A, the hatched 
region is etched so that a surface (i.e. , a bottom surface 
of the concave portion) having a level lower than that of 
the other region of the active region 1 0 comes into being. 
In the active region 10, the non-etched region becomes 
the "first surface region. 11" and the etched region 
(hatched region) becomes the "second surface region 
12". Of the inner side surfaces of the concave portion 
which have been formed by performing this etching 
process, an inner side surface located between the first 



surface region 11 and the second surface region 12 be- 
comes the "step side region 13" linking these surface 
regions together. It is noted that the opening 29 of the 
resist mask 28 is not limited to that having the layout 
5 shown in Figure 17A, but may be one having such a 
layout as that shown in Figure 17B or 17C. 
[0104] Next, as shown in Figure 3B, an ion implanta- 
tion of arsenic ions is performed through the opening 29 
of the resist mask 28. Specifically, the arsenic ions are 
'0 implanted into the concave portion of the substrate 1 un- 
der the conditions where the dose is set at 6.0X10 13 
cm -2 and the acceleration energy is set at a relatively 
high value of 60 keV. The implantation angle is set at 
7°, for example. By performing the arsenic ion implan- 
ts tation in such a manner, the low-concentration drain re- 
gion 8b is formed under the bottom surface of the con- 
cave portion and the nMype extremely-low-concentra- 
tion impurity diffusion layer (or p--type impurity diffusion 
layer) 9a is formed in the step side region 1 3. In this ion 
20 implantation process, the arsenic ions are implanted in- 
to the step side region 13. However, before the implan- 
tation of the arsenic ions is performed, the conductivity 
type of the step side region is p type. Thus, as the 
amount of the arsenic ions implanted into the step side 
25 region 13 increases, the conductivity type of the step 
side region 13 gradually changes from p - type into n - 
type. However, at any rate, the concentration of the n- 
type impurity in the step side region 13 is at an insuffi- 
cient level for the step side region 13 to function as a 
30 drain region. Thus, the exlremely-low-concentration im- 
purity layer 9a functions as a part of the channel region 
9. In this way, a channel region 9 having a triple structure 
is obtained. 

[0105] Subsequently, as shown in Figure 3C, the 

35 BPSG sidewalls 27 are removed and the exposed sur- 
faces are cleaned with sulfuric acid. Even if the sidewall 
oxide films 26 are etched during the removal of the 
BPSG sidewalls 27, the sidewalls of the control gate 6 
are finally covered with a capacitive insulating film 5 be- 

40 cause the sidewalls ot the control gate 6 are oxidized 
during the next process step. Next, an oxide film having 
a thickness of 9 nm is formed by performing a thermal 
oxidization process. A first insulating film 3 which is thick 
in the region immediately under the control gate 3 and 

45 js thin in the region immediately under the floating gate 
4 is formed by performing this thermal oxidization proc- 
ess. As a result of the formation of the first insulating 
film 3 in such a shape, the channel hot carriers can be 
injected with a higher efficiency from the source side 

50 during writing. Since the oxidization rate of poly-silicon 
is high during this oxidization process, an oxide film hav- 
ing a thickness of about 15 nm is grown on the sidewalls 
of the control gate 6. 

[0106] Then, after a poly-silicon film having a thick- 
55 ness of about 1 50 nm has been deposited, the poly-sil- 
icon film is etched in accordance with an anisotropic 
etching technique, thereby forming a floating gate 4 
such that the end face of the floating gate 4 is self- 
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aligned with a side of the control gate 6 as shown in 
Figure 3D. Thus, the structure of the present invention 
easily enables very large-scale integration. Though a 
poly-silicon film like a sidewall remains on a side of the 
control gate 6 which is opposite to the side on which the 
floating gate 4 is formed, the illustration of the poly-sili- 
con film is omitted from the drawings such as Figure 1 A 
because the poly-silicon film does not exert particularly 
important electrical functions. 

[0107] After a resist mask 28b has been applied so 
as to partially cover the control gate 6, phosphorus is 
implanted under the conditions where the acceleration 
energy is set at 40 ke V and the dose is set at 8.0 X 1 0 14 
cm* 2 , thereby forming a low-concentration drain region 
8b. In this case, the implantation angle is set at 20 de- 
grees. Thereafter, though not shown, a thick high-con- 
centration source region 7a and a thick high-concentra- 
tion drain region 8a are formed. Furthermore, known 
fabrication process steps for forming interlevel insulat- 
ing films and wires are performed, thereby completing 
the fabrication of the nonvolatile semiconductor memory 
device of this embodiment. 

[0108] In accordance with such a fabrication method, 
a drain region 8 and a channel region 9, each having a 
desired impurity concentration profile, can be formed by 
performing a simple process. These effects have been 
confirmed based on the calculation results obtained by 
performing calculator simulations for the one-dimen- 
sional impurity concentration distribution along the sur- 
face of the silicon substrate 1 . Figure 4 shows the im- 
purity concentration distribution in the surface of the 
substrate ranging over the first surface region 11, the 
step side region 13 and the second surface region 12. 
In Figure 4, the impurity concentrations in the surface of 
the substrate 1 are plotted with respect to the positions 
in the surface of the substrate over the area ranging from 
the source region 7 to the drain region 8. In Figure 4, 
the solid line represents the impurity concentration for 
the case of forming a triple channel region and the dot- 
ted line represents the impurity concentration for the 
case of forming a symmetric channel region. The axis 
of ordinates represents the values of impurity concen- 
tration, and the axis of abscissas represents the distanc- 
es along the surface which are defined by regarding a 
particular position in the first surface region 11 as a start 
point. 

[0109] As can be understood from Figure 4, an ex- 
tremely-low-concentration impurity layer 9a having an 
impurity concentration lower than 3.0X1 0 18 cm -3 is 
formed in the step side region 13 including the corner 
portion between the first surface region 11 and the step 
side region 1 3. On the other hand, a low-concentration 
impurity layer 8b is formed in the second surface region 
12 including the comer portion between the step side 
region 13 and the second surface region 12. Further- 
more, a high-concentration impurity layer 8a in which 
the impurity concentration reaches 1X10 20 cm" 3 is 
formed on the right of the low-concentration impurity lay- 



er 8b. The gentle impurity profile formed in the bottom 
of the step can weaken the intensity of the electric field 
formed between the drain region 8 and the substrate 1 
when a high voltage is applied to the drain region 8 for 

5 erasing data. Thus, such a profile contributes to improv- 
ing the data erasure characteristics. In addition, such a 
profile increases the capacitance coupling between the 
floating gate 4 and the drain region 8, and advanta- 
geously increases the potential difference between the 

10 floating gate 4 and the control gate 6 during writing. As 
a result, the injection efficiency is further increased. 
[0110] As can be understood from the calculation re- 
sults represented by the solid line, a high-concentration 
channel region 9b having a relatively high impurity con- 

15 centration is formed in the region adjacent to the ex- 
tremely-low-concentration impurity layer 9a, and the 
thickness of the extremely -tow-concent rat ion impurity 
layer 9a is as small as about 50 nm or less. 
[0111] The device characteristics of a nonvolatile 

20 semiconductor memory device having such a structure 
have not heretofore been studied sufficiently. Thus, the 
fundamental operation characteristics about the inten- 
sity of a drain electric field in a drain structure having a 
step will be first described based on the simulation re- 

25 suits. 

[0112] Figure 5 shows the gate voltage dependence 
characteristics of the drain electric field intensity which 
have been obtained based on the calculator simulations 
for the drain structure of the nonvolatile semiconductor 

30 memory device according to the present invention and 
for a conventional flat drain structure. In this graph, the 
axis of ordinates represents intensities of electric field 
and the axis of abscissas represents gate voltages. The 
solid line represents the calculation result for the drain 

35 structure of the present invention and the dotted line rep- 
resents the calculation result for the conventional fiat 
drain structure. As can be seen, when the drain structure 
is flat, the intensity of the drain electric field weakens as 
the gate voltage increases. On the other hand, in the 

40 drain structure of the present invention, even when the 
gate voltage is increased, the intensity of the drain elec- 
tric field is hardly decreased. In the corner portion be- 
tween the step side region 1 3 and the first surface region 
11 , the floating gate 4 has a shape corresponding to the 

45 shape of the corner portion. Thus, it is considered that 
the drain electric field intensity is not decreased even by 
the increase of the gate voltage because the effect of 
the gate voltage weakening the drain electric field inten- 
sity is lightened as a result of the correspondence in 

so shape. When the gate voltage is set at a sufficiently high 
value, the surface potential in the step side region 13 
functions so as to suppress the expansion of the drain 
depletion layer. As a result, the drain electric field inten- 
sity is rather increased. As can be understood, in the 

55 drain structure employed in the present invention, the 
gate voltage dependence of the drain electric field in- 
tensity is greatly different from a conventional one. 
[0113] In accordance with this newly found f undamen- 
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tal operation characteristics, even when a voltage ap- 
proximately as high as a drain voltage is applied to the 
floating gate 4 in writing data, a high electric field can 
be formed at a drain voltage lower than a conventional 
one. In addition, the high electric field is formed in the 
vicinity of the step bottom corner. This is because the 
"effect of the floating gate weakening the drain electric 
field intensity", which is noticeable in a conventional 
structure, is lightened by the characteristic shape of the 
floating gate of the present invention. 
[0114] Figures 6 and 7 respectively show the potential 
distribution and the electric field distribution inside the 
device for the nonvolatile semiconductor memory de- 
vice of this embodiment. In both of Figures 6 and 7, the 
calculation results obtained by applying a voltage of 5 
V to the drain region and a voltage of 4 V to the floating 
gate are shown. The distribution of the impurity concen- 
tration in the source, drain and channel regions are as 
shown in Figure 4. In each of these figures : the solid line 
represents a case of forming a triple channel region and 
the dotted line represents a case of forming a symmetric 
channel region. 

[0115] When a voltage of 5 V is applied, to the drain 
region, the "drain potential extension region" is electri- 
cally formed in the step side region 13 and the potential 
is abruptly varied in the corner portion between the step 
side region 13 and the second surface region 12 (i.e., 
the step bottom corner) as can be seen from Figure 6. 
The potential in the high-concentration drain region 8a 
is held at a substantially constant value of 5.55 V, which 
is the sum of the applied voltage and a half (0.55 V) of 
the band gap of silicon. Moreover, the potential variation 
in the triple channel region is more abrupt than that in 
the:symmetric channel region. 

[0116] As can be seen from Figure 7, a high electric 
field is generated not only in the first surface region 11 
(i.e., the channel region) but also in the bottom part of 
the step and in the lower part of the step side. This is 
because the low-concentration drain region 8b has 
been depleted in the corner portion on the bottom of the 
step. Moreover, in the case of providing the triple chan- 
nel region as represented by the solid line, the lateral 
electric field in the first surface region 1 1 becomes high- 
er (than the case of providing the symmetric channel re- 
gion as represented by the dotted line) to become 
400,000 V/cm or more. In addition, since the lateral elec- 
tric field generated in the first surface region 11 is locat- 
ed within the channel region 9, the energy of the elec- 
trons in the step side region 1 3 can be held high, thereby 
increasing the efficiency with which the electrons are in- 
jected into the floating gate 4. 

[01 1 7] Such results can also be understood: from Fig- 
ure 8. Figure 8 is a two-dimensional distribution diagram 
of the generation rates of electron/hole pairs which have 
been generated by impact ionization. As shown in Fig- 
ure 8, high impact ionization possibilities are shown in 
the region immediately under the boundary between the 
control gate 6 and the floating gate 4 and in the corner 



portion under the bottom of the step. These results also 
indicate that these two points where the electrons are 
generated with a high efficiency in the nonvolatile sem- 
iconductor memory device of the present invention. 

5 [0118] Figure 9 shows the control gate voltage de- 
pendence of the gate current for the nonvolatile semi- 
conductor memory device of this embodiment. Figure 9 
shows the calculation results obtained by applying a 
voltage of 5 V to the drain region. The solid line repre- 

10 sents a case of providing a triple channel region and the 
dotted line represents a case of providing a symmetric 
channel region. In Figure 9, the axis of ordinates repre- 
sents floating gate current values and the axis of abscis- 
sas represents the voltages applied to the control gate. 

is Even in the case of providing a symmetric channel re- 
gion, a higher gate current value can be obtained as 
compared with a conventional structure. Nevertheless, 
in the case of providing a triple channel region, the char- 
acteristics have further been improved on the order of 

20 10 times as compared with the case of providing a sym- 
metric channel region. 

[0119] As described above, the structure of the 
present invention can not only increase the electron in- 
jection efficiency in the step side region 13, but also 

25 cause the electrons to be injected into the corner portion 
between the step side region 1 3 and the second surface 
region 12 and into the vicinity thereof. As a result, the 
electron injection efficiency can be considerably in- 
creased as a whole. In addition, data erasure charac- 

30 teristics, as well as data write characteristics, can be im- 
proved. 

[0120] Next, various fashions, in which electrons are 
injected in the nonvolatile semiconductor memory de- 
vice according to the present invention, will be described 

35 with reference to schematic diagrams. 

[0121] Both of Figures 1 9A and 19B correspond to the 
embodiment shown in Figure 1 A. In these cases, a con- 
siderable amount of electrons are injected into the float- 
ing gate 4 not only in the corner portion between the first 

40 surface region and the step side region but also in the 
corner portion between the step side region and the sec- 
ond surface region. More exactly, the electrons are also 
injected in a part of the second surface region which is 
closer to the step side region and in the entire step side 

45 region. 

[0122] Figure 20A illustrates a cross section showing 
a case where the corner portion between the step side 
region 13 and the second surface region is constituted 
by a curved surface having a relatively small curvature, 

50 and Figure 20B illustrates a cross section showing a 
case where the corner portion is constituted by a surface 
having a relatively large curvature. In the case of Figure 
20B, since the floating gate is located exactly in the di- 
rections of the velocity vectors of the injected electrons, 

55 the electron injection can be performed with a higher ef- 
ficiency as compared with' the case of Figure 20A. 
[0123] Next, a preferred location where the extreme- 
ly-low-concentration impurity layer should be formed will 
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be described with reference to Figures 27 through 30. 
Figures 28, 29 and 30 respectively illustrate the results 
of experiments about doping profile, distribution of po- 
tentials and distribution of electric field intensity. These 
experiments were performed on a device having such a s 
cross section as that illustrated in Figure 27. The struc- 
ture shown in Figure 27 includes a floating gate 4 and 
a control gate 6, which are adjacent to each other with 
an insulating film interposed therebetween overap-type 
silicon substrate 1 having a flat surface. An-impurity (e. 10 
g., arsenic) of the same conductivity type as that of an 
impurity (arsenic) for the drain region is doped into the 
surface of the silicon substrate 1 at an extremely low 
concentration to form extremely-low-concentration im- 
purity layers. In Figure 27, three types of extremely-low- is 
concentration impurity layers a, b, c, having respectively 
different source-side edges, are illustrated. The source- 
side edge of the extremely-low-concentration impurity 
layer a is located under the boundary (gap) between the 
control gate 6 and the floating gate 4. The source-side 20 
edge of the extremely-low-concentration impurity layer 
b has shifted from a position under the gap towards the 
drain by about 20 nm. And the source-side edge of the 
extremely-lowxoncentration impurity layer c has shifted 
from the position under the gap towards the drain by well 2S 
over 40 nm. 

[0124] Figure 28 illustrates doping profiles for the 
structure shown in Figure 27. As can be understood 
from Figure 28, the extremely-low-concentration impu- 
rity layers a, b, c have been doped with arsenic at re- 30 
spective concentrations in the range from 10 17 to 10 19 
cm" 3 . 

[0125] Figure 29 illustrates potential profiles formed 
in the surface of the silicon substrate 1 during a write 
operation. As can be seen from Figure 29, the potential 
less varies within each extremely-low-concentration im- 
purity layer and the extremely- low-concent rat ion impu- 
rity layer functions as a drain potential extension region. 
The closer to the boundary (gap) between the control 
and floating gates 6, 4 the source-side edge of the ex- 
tremely-low-concentration impurity layer is, the more 
abrupt the potential profile varies. 
[0126] Figure 30 illustrates the intensity profiles of 
electric fields formed in the surface of the silicon sub- 
strate 1 during a write operation. With the extremely- 
low-concentration impurity layer c formed, two peaks of 
electric field intensity are observed at two positions that 
are distant from each other by 50 nm or more. One of 
the two peaks is formed near the source-side edge of 
the extremely-low-concentration impurity layer c, while 
the other peak is formed just under the gap between the 
control gate 6 and the floating gate 4. As can be seen, 
two types of horizontal electric fields overlap with each 
other if the extremely-low-concentration impurity layer 
a or b is formed. With the extremely-low-concentration 
impurity layer b, the distance between the two peaks is 
40 nm or less. In contrast, with the extremely-low-con- 
centration impurity layer a, these two horizontal electric 



fields substantially share a single peak in common. 
[0127] As described above, by forming an extremely- 
low-concentration impurity layer in the step side region, 
a first horizontal electric field is formed in this embodi- 
ment in the vicinity of the step side region during a write 
operation. The peak of the first horizontal electric field 
preferably overlaps with the peak of the second horizon- 
tal electric field just under the gap as represented by the 
curve a or b in Figure 30. Such overlap of these two 
types of electric fields is caused sufficiently if part of the 
floating gate 4 facing the first surface region has a size 
of 40 nm or less along the channel longitudinal direction. 
Accordingly, the size of that part of the floating gate 4 
facing the first surface region is preferably 40 nm or less 
when measured in the channel longitudinal direction. 
We confirmed based on the results of experiments that 
a higher injection efficiency can be attained with the ex- 
tremely-low-concentration impurity layer b than with the 
extremely-low-concentration impurity layer a. Thus, the 
size of the part of the floating gate 4 facing the first sur- 
face region is most preferably about 20 nm when meas- 
ured in the channel longitudinal direction. 
[01 28] It should be noted that so long as such overlap 
of two types of electric fields is realized, the injection 
efficiency can be improved to a certain degree even if 
the surface of the substrate 1 does not have stepsrHow- 
ever, even in such a case, the channel-side edge-of the 
extremely-low-concentration impurity layer is preferably 
located at a position distant from the center of the 
boundary between the control gate and the floating gate 
by 40 nm or less, as can be easily understood from the 
foregoing description. 

(SECOND EMBODIMENT) 

[0129] Figure 10 shows the cross section of the sec- 
ond embodiment of the nonvolatile semiconductor 
memory device according to the present invention. The 
device of this embodiment has substantially the same 
structure as that of the device of the first embodiment, 
except for the structures of the floating gate 4 and the 
channel region 9. Thus, the description of the common 
structures with the first embodiment will be omitted here- 
in and only the points different from those of the first em- 
bodiment will be described in detail. 
[0130] The nonvolatile semiconductor memory de- 
vice of this embodiment is characterized in that the lat- 
eral size of a part of the floating gate 4 overlapping with 
the first surface region 11 is longer than that in the first 
embodiment. As a result, the effects can be attained in 
that, in writing, the variation of the threshold voltage 
caused by the injection of electrons into the floating gate 
4 is increased, thereby facilitating reading. In other 
words, it is possible to control the threshold under the 
floating gate 4 more precisely. 

[0131] It is noted that the same effects as those at- 
tained by the first embodiment can be naturally attained 
in this embodiment, because the majority of the config- 
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uration of this embodiment is common with the config- 
uration of the first embodiment. 

[01 32] Next, a method for fabricating the device of this 
embodiment will be described. 

[01 33] First, Figure 1 1 A will be referred to. An element 5 
isolation layer 21 is formed on the surface of a p-type 
silicon substrate 1 . After a protective oxide film has been 
formed by a thermal oxidization method over the active 
region 10, the surface of the substrate 1 is covered with 
a resist mask (not shown). The resist mask is a mask 10 
used when an impurity (p-type impurity) is doped to form 
the channel region 9 and is patterned so as not to cover 
the region into which the impurity should be implanted. 
Thereafter, boron ions (p-type impurity ions) are im- 
planted into the active region 10, functioning as a mem- is 
ory section, under the conditions where the acceleration 
energy is set at 30 keV and the dose is set at as low as 
2.5xi0 12 crrr 2 . This ion implantation is performed in or- 
der to control a threshold voltage. As a result, a p layer 
9c\ including the region to be the low-concentration 20 
channel region 9c, is formed over the entire surface of 
the active region 10. Next, after a gate oxide film having 
a thickness of 14 nm has been formed, a poly-silicon 
film having a thickness of 330 nm and an HTO film 23 
having a thickness of 50 nm are deposited by performing 25 
a CVD method or the like. Thereafter, these stacked 
films are patterned by utilizing a known lithography tech- 
nique and a known etching technique, thereby forming 
a control gate 6 such as that shown in Figure 11 A. 
[0134] Next, after the region, in which the source re- 30 
gion 7 is to be formed, has been covered with such a 
resist mask as that shown in Figure 11 B, boron ions are 
implanted into the exposed area of the active region 10 
under the conditions where the acceleration energy is 
set at 10 kev and the dose is set at 4.0X10 13 cm" 2 . In 35 
this case, by setting the implantation angle at 20° in ac- 
cordance with a large-angle-tilt ion implantation tech- 
nique, the ions are also implanted into the region below 
the edge of the control gate 6. In addition arsenic ions 
are also implanted into the active region 10 under the 40 
conditions where the acceleration energy is set at 10 
keV and the dose is set at 2.0X10 12 cnrr 2 The implan- 
tation angle of the arsenic ions is set at 7° . By performing 
these ion implantation process steps, a high-concentra- 
tion channel region 9b and an rr-type extremely- low- 45 
concentration impurity layer 9a' are formed in the sur- 
face of the substrate 1. As a result, the formation of a 
channel region 9 having a triple structure is completed. 
In this manner, a threshold voltage in the range from 
about 0.1 V to about 0.3 V can be stably set before the so 
step is formed. 

[0135] The properties of the nMype extremely -low- 
concentration impurity layer 9a' can be controlled by ad- 
justing the relationship between the dose of the boron 
ions and the dose of the arsenic ions which are implant- 55 
ed into the step side region 13. If the concentration of 
the p-type impurity becomes slightly higher than that of 
the n-type impurity in the step side region 13 by adjust- 



ing the dose of the boron ions and the dose of the ar- 
senic ions : then the extremely-low-concentration impu- 
rity layer 9a' becomes a p' layer. 
[0136] Next, after a resist mask (not shown) having 
an opening in the region, where the source region is to 
be formed, has been formed, a low-concentration 
source region 7b is formed by an ion implantation tech- 
nique. After the resist mask has been removed, the side- 
walls of the control gate 6 are thermally oxidized, there- 
by forming sidewall oxide films 26 and forming sidewalls 
27 of a BPSG film having a thickness of about 50 nm to 
about 200 nm. Thereafter, as shown in Figure 11C, a 
resist mask having an opening is formed over the sub- 
strate 1. The location and the planar shape of the open- 
ing substantially define the location and the planar 
shape of the concave portion to be formed in the surface 
of the substrate 1 later. The opening of the resist mask 
has such a planar shape as those shown in Figures 17A 
to 1 7C, for example. 

[0137] Thereafter, the surface of the substrate 1 is 
etched by about 30 nm to about 70 nm by using the resist 
mask shown in Figure 11C as an etching mask, thereby 
forming a concave portion in the surface of the substrate 
1. Next, arsenic ions are implanted through the opening 
of the resist mask. Specifically, the arsenic ions are im- 
planted into the concave portion of the substrate 1 under 
the conditions where the dose is set at 6.0X10 13 cm' 2 
and the acceleration energy is set at a relatively high 
value of 60 keV. The implantation angle is set at 7°, for 
example. By performing the arsenic ion implantation in 
such a manner, the low-concentration drain region 8b is 
formed under the bottom surface of the concave portion 
and an n*-type extremely-low-concentration impurity dif- 
fusion layer (or pMype impurity diffusion layer) 9a is 
formed in the step side region 13. In this way, a channel 
region 9 having a triple structure is obtained. Thereafter, 
a tunnel oxide film 3, a floating gate 4, etc. are formed 
by performing the same method as that described for 
the first embodiment, thereby obtaining the device of 
Figure 10. 

[01 38] As described above, in this embodiment, an rr- 
type extremely-low-concentration impurity layer (or p-- 
type impurity diffusion layer) 9a is formed in the surface 
of the active region 10 before the BPSG sidewalls 27 
are formed. Thus, if the thickness of the BPSG sidewalls 
27 is increased, then the lateral size of the extremely- 
low-concentration impurity layer 9a can 'also be in- 
creased as shown in Figure 11C. In such a case, a rel- 
atively long extremely-low-concentration impurity layer 
9a can be formed with satisfactory control along the 
channel length direction as compared with the case of 
forming the extremely-low-concentration impurity layer 
9a after the BPSG sidewalls 27 and the concave portion 
have been formed as shown in Figure 3B. 

(THIRD EMBODIMENT) 

[01 39] Figure 1 2A shows the cross section of the third 
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embodiment of the nonvolatile semiconductor memory 
device according to the present invention. The device 
of this embodiment has the same structure as that of the 
device of the first embodiment, except for the structures 
of the channel region 9 and the drain region 8. Thus : the $ 
description of the common structures with the first em- 
bodiment will be omitted herein and only the points dif- 
ferent from those of the first embodiment will be de- 
scribed in detail. 

[0140] The drain region 8 of this embodiment includes 10 
a high-concentration drain region 8a formed in the sec- 
ond surface region 12 and a low-concentration drain re- 
gion 8b formed in the second surface region 12 and in 
the step side region 13. The top end of the low-concen- 
tration drain region (in the range from 3X10 18 cm' 3 to is 
5X 1 0 19 cm* 3 ) 8b reaches the first surface region 1 1 . The 
channel region 9 formed in the first surface region 11 
includes a low-concentration impurity layer 9c and a 
high-concentration impurity layer 9b having an impurity 
concentration higher than the impurity concentration of 20 
the low-concentration impurity layer 9c. The high-con- 
centration channel region 9b is in contact with the top 
end of the low-concentration drain region 8b. If the im- 
purity concentration in a part of the drain region 8, which 
has been formed along the step side region 1 3 and the 
second surface region 12, is symmetrically decreased, 
then a circuit configuration in which electrons are taken 
out into the drain region by utilizing the FN tunneling 
phenomenon can be formed. However, since a large 
voltage drop is caused in the part of the drain region 8 
with a reduced impurity concentration, the drain poten- 
tial in the corner portion between the first surface region 
11 and the step side region 13 also drops. As a result, 
the intensity of the horizontal electric field between the 
drain region 8 and the channel region 9 is decreased, 
and thus the electron injection efficiency in the step side 
region 13 is decreased. In this embodiment, by provid- 
ing an asymmetric channel, the decrease of the electron 
injection efficiency in the step side region 1 3 can be sup- 
pressed. 

[0141] Figure 12B shows a modified example of the 
device of Figure 12A. The device of Figure 12B resem- 
bles the second embodiment. The low-concentration 
drain region 8b in the device of Figure 12B also extends 
from the high-concentration drain region 8a to cover the 
second surface region 12 and the step side region 13 
and reaches the first surface region 11 . The channel re- 
gion 9 formed in the first surface region 11 includes: a 
low-concentration impurity layer 9c; a high-concentra- 
tion impurity layer 9b having an impurity concentration 
higher than the impurity concentration of the low-con- 
centration impurity layer 9c; and another low-concen- 
tration impurity layer 9a which has an impurity concen- 
tration lower than the impurity concentration of the high- 
concentration impurity layer 9b and which is provided in 
a region adjacent to the low-concentration drain region 
8b. The threshold voltage in the region under the floating 
gate 4 is set at about 0.0 V to about 0.3 V by the p-type 



low-concentration impurity layer 9a. The conductivity 
type of the low-concentration impurity layer 9a is not al- 
ways required to be p type depending upon the set value 
of the threshold voltage, but may be rr type. If the con- 
ductivity type of the tow-concentration impurity layer 9a 
is n' type, then the structure of the channel region of this 
device becomes the same as the structure of the chan- 
nel region in the device of Figure 10. 
[0142] In the device of Figure 12B, in writing data, a 
voltage approximately equal to "a threshold voltage + 
0.5 V" is applied to the control gate 6, a voltage of 0 V 
is applied to the source region 7 and a voltage of about 
4 to about 5 V is applied to the drain region 8. As a result, 
the hot electrons, which have been generated in the 
channel horizontally formed along the first surface re- 
gion 11, are injected from the channel region 9 into the 
floating gate 4 along the movement directions thereof. 
At this time, a high electron injection efficiency is real- 
ized thanks to the features of the device of Figure 12B. 
[0143] One feature thereof consists in that the cou- 
pling capacitance between the drain region 8 and the 
floating gate 4 is increased because the drain region 8 
is formed so as to cover the step side region 13 and the 
second surface region 12. Thus, in writing data, the po- 
tential of the floating gate 4 can be increased by the 
drain region 8 having a high potential, the potential dif- 
ference between the floating gate 4 and the control gate 
6 can be increased, and the intensity of the horizontal 
electric field generated in the boundary between the "in- 
version channel region" which is immediately under the 
control gate 6 and the "drain potential extension region" 
which is formed immediately under the floating gate can 
be increased. 

[0144] Another feature thereof consists in that it is 
possible to prevent the "drain potential extension re- 
gion" from extending to reach the region immediately 
under the control gate 6 by providing the high-concen- 
tration channel region 9b. As a result, the intensity of 
the horizontal electric field and the electron injection ef- 
ficiency can be further increased. 

(FOURTH EMBODIMENT) 

[0145] The fourth embodiment of the nonvolatile sem- 
iconductor memory device according to the present in- 
vention will be described with reference to Figures 13A 
to 13C. 

[0146] The device of this embodiment has a similar 
structure to that of the device of the third embodiment, 
except for the structures of the floating gate 4 and a con- 
tact structure 35. Thus, the description of the common 
structures with the third embodiment will be omitted 
herein and only the points different from those of the 
third embodiment will be described in detail. 
[01 47] The device of this embodiment includes a high- 
concentration drain region 8a formed in the second sur- 
face region 12 and a low-concentration drain region 8b 
formed in the second surface region 1 2 and the step side 
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region 13, as shown in Figure 13C. The high-concen- 
tration drain region 8a is in electrical contact with a con- 
tact structure (conductive member) 35. The bottom sur- 
face of the contact structure 35 faces the floating gate 
4 via an insulating film 32, which has been formed so as s 
to entirely cover the upper surface of the floating gate 4. 
[0148] The floating gate 4 is surrounded by the drain 
region 8 and the contact structure 35. Since the potential 
in the contact structure 35 is equal to the potential in the 
drain region 8, the coupling capacitance between the io 
drain region 8 and the floating gate 4 is remarkably in- 
creased by the contact structure 35. If a material having 
a high relative dielectric constant such as silicon nitride 
or tantalum oxide is selected for the insulating film 32, 
then the coupling capacitance between the drain region *5 
8 and the floating gate 4 can be further increased. 
[0149] As can be seen, in this embodiment, since the 
contact structure 35, overlapping the floating gate 4, in- 
creases the coupling capacitance between the drain re- 
gion 8 and the floating gate4, the potential in the floating 20 
gate 4 can be held high by the potential in the drain re- 
gion 8. Thus, the electron injection efficiency can be fur- 
ther increased. As a result, even if the potential in the 
drain region 8 is lowered as compared with the other 
embodiments, a required electron injection efficiency 2s 
can be secured. 

[0150] It is noted that, if the channel region 9 has the 
same structure as the structure of the channel region 
shown in Figure 12B, then the electron injection efficien- 
cy can be further increased. 30 
[0151] Next, the main process steps of a method for 
fabricating this device will be described. First, by per- 
forming substantially the same process steps as the 
process steps of the fabrication method described for 
the second embodiment, a structure such as that shown 35 
in Figure 13A is produced. After the insulating sidewalls 
27. have been removed, the floating gate 4 is formed. 
Thereafter, by performing an ion implantation, a high- 
concentration source region 7a and the high-concentra- 
tion drain region 8a are formed. 40 
[0152] After an insulating film made of a material such 
as silicon nitride has been deposited so as to cover the 
entire surface of the substrate 1, the insulating film is 
patterned, thereby forming the insulating film 32 entirely 
covering the floating gate 4 as shown in Figure 1 3B. In 45 
Figure 1 3B, the majority of the upper surface of the drain 
region 8a is illustrated as being covered with the insu- 
lating film 32. However, in actuality, a region for contact 
having a sufficiently large area is secured on the upper 
surface of the drain region 8a. so 
[0153] Next, as shown in Figure 13C, after an inter- 
level insulating film 33 has been deposited so as to cov- 
er the entire surface of the substrate 1, contact holes, 
respectively reaching the high-concentration source re- 
gion 7a and the high-concentration drain region 8a, are ss 
opened. When these contact holes are opened, the in- 
sulating film 32 functions to prevent the floating gate 4 
from being etched. Thus, the contact hole on the drain 



side overlaps the floating gate 4, considering the planar 
layout thereof. The thickness of the insulating film 32 is 
preferably small (e.g., on the order of several tens nm) 
if the coupling capacitance between the floating gate 4 
and the contact structure 35 is to be increased. Howev- 
er, if the insulating film 32 is to function as an etch stop- 
per when the contact holes are opened, then the insu- 
lating film 32 is required to have a certain thickness. The 
"certain thickness" is determined by such a factor as an 
etch selectivity between the insulating film 32 and the 
interlevel insulating film 33. 

[0154] Next, the contact holes are filled with a con- 
ductive material, thereby forming a contact structure 34 
on the source side and the contact structure 35 on the 
drain side. The conductive material is preferably filled 
by depositing the conductive material and then by flat- 
tening the upper surfaces of the interlevel insulating film 
33 and the contact structures 34 and 35 by a chemical 
and mechanical polishing (CMP) method. 
[0155] It should be noted that the contact structure of 
this embodiment is not limited to the structure of this em- 
bodiment for the channel region 9 and the drain region 
8. Even when the contact structure is applied to any oth- 
er embodiment, the same effects can be attained. 

(FIFTH EMBODIMENT) 

[0156] Still another embodiment of the present inven- 
tion will be described with reference to Figure 14. 
[0157] The device of this embodiment has substan- 
tially the same structure as that of the device of the first 
embodiment, except for the structures of the floating 
gate 4 and the control gate 6. Thus, the description of 
the common structures with the first embodiment will be 
omitted herein and only the points different from those 
of the first embodiment will be described in detail, 
[0158] The floating gate 4 faces not only the step side 
region 13 but also a part of the first surface region 11 
and a part of the second surface region 12 via the first 
insulating film 3. The control gate 6 includes a part facing 
the first surface region 11 via the first insulating film 3 
and a part which extends from the former part towards 
the upper part of the floating gate 4 and which faces a 
side and an upper surface of the floating gate 4 via a 
capacitive insulating film 5. Such a structure can also 
attain the same effects as those attained by the device 
of the first embodiment. 

[0159] Next, a method for fabricating the nonvolatile 
semiconductor memory device of Figure 14 will be de- 
scribed with reference to Figures 15A through 15C and 
Figures 16A through 16C. 

[0160] First, as shown in Figure 15 A, an element iso- 
lation layer 21 is formed on the surface of a p-type silicon 
substrate 1 . The region of the surface of the substrate 
1, where the element isolation layer"21 is not formed, 
becomes an active region 10. After a protective oxide 
film has been formed over the active region 1 0 by a ther- 
mal oxidization method, the surface of the substrate 1 
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is covered with a resist mask 22. The resist mask 22 is 
a mask used when an impurity (p-type impurity) is doped 
to form the channel region 9 and is patterned so as not 
to cover the region into which the impurity should be im- 
planted. Thereafter, boron ions (p-type impurity ions) s 
are implanted into the active region 10, functioning as a 
memory section, under the conditions where the accel- 
eration energy is set at 30 keV and the dose is set at 
2.5X10 12 cm* 2 . This ion implantation is performed in or- 
der to control a threshold voltage. As a result, a p layer 
9c', including the region to be the low-concentration 
channel region 9c, is formed over the entire surface of 
the active region 10. 

[0161] Next, as shown in Figure 15B, after a resist 
mask 30 has been formed, boron ions are implanted into 
the active region 10 under the conditions where the ac- 
celeration energy is set at 1 0 kev and the dose is set at 
4.0X1 0 13 cnrr 2 . In this case, by setting the implantation 
angle at 20° in accordance with a large-angle-tilt ion im- 
plantation technique, the ions are implanted into the re- 
gion below the edge of the resist mask 30. By performing 
this ion implantation, a p + layer 9b', including the region 
to be the high-concentration channel region 9b, is 
formed as a shallow layer in the surface of the substrate 
1 . Next, arsenic ions are implanted into the active region 
10 under the conditions where the acceleration energy 
is set at 10 keV and the dose is set at 2.0x1 0 12 cm -2 . 
In this case, by setting the implantation angle at 7 de- 
grees, the arsenic ions are prevented from being im- 
planted into the region below the edge of the resist mask 
30. As a result, the p layer 9c', the p + layer 9b' and a 
part of an n* layer 9a' exist in the region under the resist 
mask 30. In other words, a channel region having a triple 
structure, in which a low-concentration part, a high-con- 
centration part and another low-concentration part are 
disposed over the region ranging from the end of the 
source region towards the step side region, is formed. 
Moreover, a threshold voltage from about 0.1 V to about 
0.3 V can be set stably before the step is formed. It is 
noted that the conductivity type.of the n- layer 9a' having 
an extremely low concentration is determined by the 
compensation between boron and arsenic. Thus, by ad- 
justing the implantation dose of boron and the implan- 
tation dose of arsenic, the region can be a p' layer hav- 
ing a low concentration. 

[0162] Thereafter, the surface of the substrate 1 is 
etched by about 30 nm to about 70 nm by using the resist 
mask 30 as an etching mask, thereby forming a concave 
portion in the surface of the substrate 1. The etching for 
forming the concave portion in the active region 10 is 
preferably performed by a method which is less likely to 
do much damage to the substrate 1 (for example, by a 
CDE process). 

[0163] Next, as shown in Figure 15C, an implantation 
of arsenic ions is performed through the opening of the 
resist mask 30. Specifically, the ^arsenic ions are im- 
planted into the concave portion of the substrate 1 under 
the conditions where the dose is set at 6.0X1 0 1 3 cm* 2 



and the acceleration energy is set at a relatively high 
value of 60 keV. The implantation angle is set at 7 9 , for 
example. By performing the arsenic ion implantation in 
such a manner, the low-concentration drain region 8b is 
formed under the bottom surface of the concave portion 
[0164] Subsequently, as shown in Figure 16A, the re- 
sist mask 30 is removed and then the exposed surfaces 
are cleaned with sulfuric acid. After an oxide film 3 hav- 
ing a thickness of 9 nm has been formed on the surface 
of silicon by performing a thermal oxidization process, 
a poly-silicon film is deposited thereon. Subsequently, 
the poly-silicon is patterned in accordance with a lithog- 
raphy technique and an etching technique, thereby 
forming a floating gate 4. 

[01 65] Next, as shown in Figure 16B, a gate oxide film 
having a thickness of about 14 nm is formed on the ex- 
posed part of the first surface region 11 and a second 
insulating film (capacitive insulating film) 5' is formed 
over the floating gate 4 by a thermal oxidization process 
or by a process in which thermal oxidization and a CVD- 
TEOS film are simultaneously used. As a result, the first 
insulating film 3 comes to have a structure which is rel- 
atively thin in the region immediately under the floating 
gate 4 and is relatively thick in the other regions. There- 
after, as shown in Figure 16C, the control gate 6 is 
formed by depositing a poly-silicon film having a. thick- 
ness of 330 nm and then by patterning the poly-silicon 
film in accordance with a lithography technique and an 
etching technique. Then, though not shown, a low-con- 
centration source region 7b, insulating sidewalls, etc. 
are formed and then a high-concentration source region 
7a and a high-concentration drain region 8a are formed. 
In this case, it is not always necessary to implant phos- 
phorus into the low-concentration drain region 8b after 
the floating gate has been formed. 
[0166] In any of the foregoing embodiments, the ma- 
jority of the concave portion formed in the active region 
10 is located in the drain region 8, in which only the sec- 
ond surface region having a level lower than that of the 
first surface region is formed. However, a surface region 
having the same level as that of the first surface region 
(i.e., a third surface region) may be formed in the drain 
region 8. For example, the floating gate 4 and the control 
gate 6 may entirely cover the concave portion, and the 
high-concentration impurity layer 8a of the drain region 
8 may be formed outside of the concave portion (in the 
third surface region). Moreover the highconcentration 
impurity layer 8a of the drain region 8 may also be 
formed so as to extend from the inside of the concave 
portion to the outside thereof (to the third surface re- 
gion). 

[0167] It is noted that, in considering a planar layout, 
the step side region 13 is not always required to be lin- 
ear, but may be winding as shown in Figure 21 A. Alter- 
natively, as shown in Figure 21 B, the step side region 
13 may be formed so as to surround a circular drain, re- 
gion (high-concentration impurity layer 8a) and a. ring- 
shaped floating gate 4 may be used. In such a case, 
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since the drain region 8 of each cell is isolated from the 
source region via the ring-shaped channel region, a sin- 
gle source region may be shared among a plurality of 
nonvolatile memory cells, and it is no longer necessary 
to provide an element isolation layer for the plurality of 
memory cells sharing the source region. 
[0168] In the foregoing, the present invention has 
been described as being applied to a nonvolatile semi- 
conductor memory device. Hereinafter, an Embodiment 
of the semiconductor integrated circuit device of the 
present invention will be described with reference to Fig- 
ure 22. 

[01 69] The semiconductor integrated circuit device 90 
of this embodiment is a digital signal processor (DSP). 
The semiconductor integrated circuit device 90 in- 
cludes: a memory cell array section 80 including the 
nonvolatile semiconductor memory devices as nonvol- 
atile memory cells in at least a part thereof; a peripheral 
circuit section 81 for driving the memory cell array sec- 
tion 80; and a processing circuit section 82 for perform- 
ing digital signal processing on a common substrate 
(chip) 85. In the memory cell array section 80, a large 
number of nonvolatile memory celts are arranged in col- 
umns and rows. Each of the cells may have the config- 
uration shown in Figures 1 A and 1B, for example, or any 
arbitrary configuration of any of the other embodiments. 
Programs or data are stored in the memory section 80. 
In accordance with the contents to be s.tored therein, 
another memory block including memory cells other 
than the nonvolatile memory cells may also be provided. 
The processing circuit section 82 is further divided into 
a plurality of function blocks (not shown). Since these 
blocks are constituted by known processing circuit com- 
ponents such as control sections, arithmetic sections, 
multiplication sections, registers and the like, the de- 
tailed description thereof will be omitted herein. These 
components may be appropriately designed and ar- 
ranged depending upon the intended application. 
[0170] Since such a DSP includes the nonvolatile 
memories according to the present invention as at least 
a part of the memories th ereof and the nonvolatile mem- 
ories can perform the writing of data at a high speed, it 
is possible to realize satisfactorily high-speed process- 
ing required for a DSP. In addition, according to the 
present invention, the power supply voltage required for 
operating the nonvolatile memories can be reduced 
while maintaining the write speed into the nonvolatile 
memories at a practical level. As a result, a single power 
supply can be commonly used for the processing circuit 
section and the nonvolatile memory section, which is re- 
alized for the first time by using the nonvolatile memory 
of the present invention, which can write data at a high 
speed upon the application of a low voltage. 
[0171] It is noted that the semiconductor integrated 
circuit device of the present invention is not limited to a 
DSP, but is widely applicable to various kinds of mem- 
ory-incorporated logic VLSI's. 

[01 72] As has been described above, according to the 



present invention, a low-concentration drain region is 
formed in a semiconductor substrate having a step so 
as to cover the corner portion on the bottom of the step 
and to cover the bottom of the step. Thus, a "drain po- 

5 tential extension region" can be formed in the channel 
region which is immediately under the floating gate. In 
addition, by providing a channel structure in which a low- 
concentration p" layer, a high-concentration p" layer and 
a low-concentration n" layer are disposed from the 

io source towards the step side region, the intensity of the 
lateral electric field can be increased in the boundary 
between the inversion channel region which is immedi- 
ately under the control gate and the "drain potential ex- 
tension region" which has been formed in the channel 

15 region. Since these effects can be attained, electrons 
can be injected into the step side region with a higher 
efficiency. 

[0173] Moreover, by forming a drain region so as to 
* cover the step side region and the bottom of the step, 

20 the coupling capacitance between the floating gate and 
the drain region can be increased. As a result, the elec- 
tron injection efficiency can be further increased. 
[0174] Furthermore, since the low-concentration 
drain region is formed so as to cover the step bottom 

25 comer and the bottom of the step, the electrons can be 
injected with a high efficiency not only in the step side 
region but also in the step bottom corner. The low-con- 
centration drain region also executes the functions of 
suppressing the injection of holes into an oxide film and 

30 improving the erasure characteristics. In addition, it is 
also possible to employ a circuit configuration in which 
a source bias and a drain bias are exchanged during 
reading in order to suppress the degradation of a read 
disturb margin. 

35 [0175] Consequently, the nonvolatile semiconductor 
memory device of the present invention provides a 
structure which realizes a high-efficiency injection with 
a low voltage and which is appropriate for very large- 
scale integration enabling high-speed read and write op- 

40 erations. In addition, the nonvolatile semiconductor 
memory device of the present invention can suppress 
the degradation of a retention time in erasing and read- 
ing data. 

[0176] It should be noted that the process step of im- 
45 planting impurity ions (doping) for forming the low-con- 
centration impurity layer 9a and the high-concentration 
- impurity layer 9b in the channel region may be per- 
formed after the concave portion has been formed in the 
semiconductor substrate 1 . In such a case, the following 
50 process step may be performed, for example. 

[01 77] First, after the process steps shown in Figures 
2A and 2B have been performed, the implantation proc- 
ess step shown in Figure 2D is performed without form- 
ing the p+ layer 9b 1 to be the high-concentration channel 
55 region 9b. Next, the BPSG sidewalls 27 are formed and 
then the concave portion is formed in the substrate 1 
using the sidewalls 27 as a mask. Thereafter, doping is 
performed to form an asymmetric channel through the 
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opening of the resist mask 28 shown in Figure 3B. Spe- 
cifically, BF 2 is implanted through the opening of the re- 
sist mask 28 into the substrate 1 at a dose of 1 .5x 1 0 14 
cm* 2 and with a low acceleration energy of 45 keV, for 
example. In this process step, the implantation angle is s 
preferably set at 20 degrees, for example, in accordance 
with a large-angle-tilt ion implantation technique. As a 
result of this ion implantation, the high-concentration 
channel region 9b is formed in the substrate 1 to have 
a small depth. Since the step side region is exposed in 10 
this case, the p-type impurity can be implanted into the 
channel region with certainty and the high -concent ration 
channel region 9b can be formed with higher precision. 
[0178] Next, before the BPSG sidewalls 27 are re- 
moved, arsenic ions are implanted. Specifically, arsenic is 
ions are implanted into the concave portion of the sub- 
strate 1 at a dose of 1 .OX 10 14 cm" 2 and with a relatively 
high acceleration energy of 60 kev, for example. The im- 
plantation angle is set at 7 degrees, for example. As a 
result of this ion implantation, the low-concentration 20 
drain region 8b' is formed under the bottom of the con- 
cave portion and the nMype impurity diffusion layer (or 
P'-type impurity diffusion layer) 9a having an extremely 
low concentration is formed in the step side region 13. 
[01 79] Arsenic ions may be naturally implanted before 2s 
the high-concentration channel region 9b is formed, not 
after the high-concentration channel region 9b has been 
formed. 



Claims 

1. Nonvolatile semiconductor memory device com- 
prising: 

35 

a substrate (1 ) having a surface including a first 
surface region (11 ) at a first level, a second sur- 
face region (12) at a second level lower than 
the first level and a step side region (1 3) linking 
said first and second surface regions (11,12) 40 
together; 

a channel region (9) in said first surface region 
(11) of said substrate (1); 
source (7) and drain regions (8) formed to in- 
terpose said channel region (9) therebetween; 45 
an insulating film (3) on the surface of said sub- 
strate (1), said insulating film (3) including a first 
part on said first surface region (11 ) and a sec- 
ond part on said step side region (13) and said 
second surface region (12); 
a floating gate (4) formed on said insulating 
film, part of said floating gate (4) facing said 
step side region (1 3) through said second part 
of said insulating film (3), another part of said 
floating gate (4) facing said first surface region 
(.11) through said first part of said insulating film 
/(3); and 

- a control gate (6) on said first part of said insu- 



lating film (3), said control gate (6) being capac- 
itively coupled to said floating gate (4) whereby 
a boundary between said floating gate (4) and 
said control gate (6) is located at a position 
away from said step side region (13) towards 
said source region (7). 

2. Nonvolatile semiconductor memory device accord- 
ing to claim 1 , 

characterized in that 

said drain region (8) covers a corner portion be- 
tween said second surface region (12) and said 
step side region (13); and 
said boundary between said control gate (6) 
and said floating gate (4) is located such that a 
peak of a first horizontal electric field, which is 
formed at an edge of said channel region (9) 
closer to said drain region (8) during a write op- 
eration, overlaps with a peak of a second hori- 
zontal electric field, which is formed below said 
boundary during the write operation. 

3. Nonvolatile semiconductor memory device accord- 
ing to claim 1 , 

characterized in that 

said drain region (8) covers a corner portion be- 
tween said second surface region (12) and said 
step side region (13); and 
part of said floating gate (4), facing said first 
surface region (11) through said first part of said 
insulating film (3), has a size of 40 nm or less 
when measured in a channel longitudinal direc- 
tion. 

4. Nonvolatile semiconductor memory device accord- 
ing to claim 1 , 

characterized in that 

said drain region (8) includes 

a low-concentration impurity layer (8b) in 
said second surface region (12) with one 
end extending towards said step side re- 
gion (13), and 

a high-concentration impurity layer (8a) 
connected to said low-concentration impu- 
rity layer (8b) at a part thereof distant from 
said channel region (9), and having an im- 
purity concentration being higher than that 
of said low-concentration impurity layer 
(8b); and 

said channel region (9) includes a high-concen- 
tration impurity region (9b) being located close 
to said step side region (1 3) and having an im- 
purity concentration higher than that of said 
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channel region (9) in a part thereof (9c) adja- 
cent to said source region (7). 

5. Nonvolatile semiconductor memory device accord- 
ing to claim 4, 5 
characterized in that 



10. Nonvolatile semiconductor memory device accord- 
ing to claim 8, 
characterized in that 

said low-concentration impurity layer (8b) of said 
drain region (8) reaches said first surface region 
(11). 



said low-concentration impurity layer (8b) of 
said drain region (8) covers a corner portion be- 
tween said second surface region (12) and said 10 
step side region (13); and 
said boundary between said control gate (6) 
and said floating gate (4) is located such that a 
peak of a first horizontal electric field, which is 
formed at an edge of said channel region (9) 15 
located close to said drain region (8) during a 
write operation, overlaps with a peak of a sec- 
ond horizontal electric field, which is formed be- 
low said boundary during the write operation. 

20 

6. Nonvolatile semiconductor memory device accord- 
ing to claim 4, 

characterized in that 

said low-concentration impurity layer (8b) of 25 
said drain region (8) covers a corner portion be- 
tween said second surface region (12) and said 
step side region (13); and 
part of said floating gate (4), facing said first 
surface region (11) through said first part of said 30 
insulating film (3), has a size of 40 nm or less 
when measured in a channel longitudinal direc- 
tion. 

7. Nonvolatile semiconductor memory device accord- 35 
ing to claim 4, 

characterized in that 

the impurity concentration of said channel region (9) 
increases from a part thereof (9c) adjacent to said 
source region (7) towards a position in said high- 40 
concentration impurity region (9b) where the impu- 
rity concentration is highest. 

8. Nonvolatile semiconductor memory device accord- 
ing to one of claims 4 or 7, 45 
characterized in that 

said low-concentration impurity layer (8b) of said 
drain region (8) covers a corner portion between 
said second surface region (12) and said step side 
region (13). so 

9. Nonvolatile semiconductor memory device accord- 
ing to claim 8, 

characterized in that 

said low-concentration impurity layer (8b) of said ss 
drain region (8) does not reach said first surface re- 
gion (11). 



11. Nonvolatile semiconductor memory device accord- 
ing to one of claims 4 to 1 0 : 

characterized in that 

said channel region (9) includes an extremely-low- 
concentration impurity layer (9a) between said step 
side region (1 3) and said high -concentration impu- 
rity region (9b) of said channel region (9). 

12. Nonvolatile semiconductor memory device accord- 
ing to claim 1 1 , 

characterized in that 

said low-concentration impurity layer (8b) of 
said drain region (8) covers a corner portion be- 
tween said second surface region (12) and said 
step side region (13); and 
said boundary between said control gate (6) 
and said floating gate (4) is located such that a 
peak of a first horizontal electric field, which is 
formed at an edge of said channel region (9) 
located close to said drain region (8) during a 
write operation, overlaps with a peak of a sec- 
ond horizontal electric field, which is formed be- 
low said boundary during the write operation. 

13. Nonvolatile semiconductor memory device accord-, 
ing to claim 11, 

characterized in that 

said low-concentration impurity layer (8b) of 
said drain region (8) covers a corner portion be- 
tween said second surface region (12) and said 
step side region (13); and 
part of said floating gate (4) : facing said first 
su rf ace region ( 1 1 ) th rough said f i rst part of said 
insulating film (3), has a size of 40 nm or less 
when measured in a channel longitudinal direc- 
tion. 

14. Nonvolatile semiconductor memory device accord- - 
ing to claim 1 1 , 

characterized in that 

the impurity concentration of said extremely-low- 
concentration impurity layer (9a) is at such a level 
that said extremely-low-concentration impurity lay- 
er (9a) can be depleted during operation of the de- 
vice. 

15. Nonvolatile semiconductor memory device accord- 
ing to one of claims 11 or 14, 

characterized in that 
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the conductivity type of said extremely-low-concen- 
tration impurity layer (9a) is the same as that of said 
channel region (9) in a part thereof (9c) adjacent to 
said source region (7). 

16. Nonvolatile semiconductor memory device accord- 
ing to one of claims 11 or 14, 

characterized in that 

the conductivity type of said extremely-low-concen- 
tration impurity layer (9a) is opposite to that of said 
channel region (9) in a part thereof (9c) adjacent to 
said source region (7). 

17. Nonvolatile semiconductor memory device accord- 
ing to claim 1, 

characterized in that 

said drain region (8) includes 

a low-concentration impurity layer (8b), 
which is formed in said second surface re- 
gion (12) with one end extending towards 
said step side region (1 3), and 
a high-concentration impurity layer (8a) 
connected to said low-concentration impu- 
rity layer (8b) at a part thereof distant from 
said channel region (9), and having an im- 
purity concentration being higher than that 
of said low-concentration impurity layer 
(8b); and 

• said channel region (9) includes a part (9a) hav- 
ing an impurity concentration lower than that of 
the remaining part of said channel region (9) 
and being located in said first surface region 
(11) adjacent to said step side region (13). 

18. Nonvolatile semiconductor memory device accord- 
ing to claim 17, 

characterized in that 

said low-concentration impurity layer (8b) of said 
drain region (8) covers a corner portion between 
said second surface region (12) and said step side 
region (13), and is connected to said part (9a) of 
said channel region (9) having an impurity concen- 
tration lower than that of the remaining part thereof. 

19. Nonvolatile semiconductor memory device accord- 
ing to one of claims 1 7 or 1 8, 

characterized in that 

said part (9a) of said channel region (9) having an 
impurity concentration lower than that of the re- 
maining part thereof has the same conductivity type 
as that of the remaining part of said channel region 
(9). 

20. Nonvolatile semiconductor memory device accord- 
ing to one of claims 1 7 or 1 8, 



characterized in that 

said part (9a) of said channel region (9) having an 
impurity concentration lower than that of the re- 
maining part thereof . has a conductivity type oppo- 
5 site to that of the remaining part of said channel re- 
gion (9). 

21 . Nonvolatile semiconductor memory device accord- 
ing to one of claims 17 to 20, 

10 characterized in that 

said part (9a) of said channel region (9) having an 
impurity concentration lower than that of the re- 
maining part thereof can be depleted during opera- 
tion of the device. 

75 

22. Nonvolatile semiconductor memory device accord- 
ing to one of claims 1 to 21 , 

characterized by 

a conductive member (35) being electrically in con- 
20 tact with said drain region (8) and capacitively cou- 
pled to said floating gate (4) via an insulating film 
(32), part of said conductive member (35) over- 
lapping with said floating gate (4). 

25 23. Nonvolatile semiconductor memory device accord- 
ing to one of claims 1 to 21 . 
characterized in that 

part of said control gate (6) partially overlaps with 
the upper surface of said floating gate (4). 

30 

24. Nonvolatile semiconductor memory device accord- 
ing to one of claims 1 to 23 : 

characterized in that 

the center of said boundary between said control 
35 gate (6) and said floating gate (4) is located at a 
position away from said step side region (13) to- 
wards said source region (7) by 10 to 40 nm. 

25. Nonvolatile semiconductor memory device com- 
40 prising 

a substrate (1 ) with a concave portion (51 ) in a 
surface thereof, 

a floating gate (4) with a surface facing a corner 
45 portion between the bottom (53) and a side (54) 

of said concave portion (51), and 
a control gate (6) above a channel region (9), 
and being capacitively coupled to said floating 
gate (4), said channel region (9) including a part 
50 (9a) having an impurity concentration lower 

than that of the remaining part thereof, said part 
(9a) being located adjacent to said concave 
portion (51 ), such that, in writing data, hot elec- 
trons can be generated in said channel region 
55 (9), and at least part of said hot electrons can 

be injected from said corner portion of said con- 
cave portion (51 ) into said floating gate (4). 
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26. Nonvolatile semiconductor memory device accord- 
ing to claim 25, 

characterized by 

a drain region (8) contacting said corner portion. 

27. semiconductor integrated circuit device having a 
plurality of nonvolatile memory cells as recited in 
one of claims 1 to 26, and comprising: 

a substrate having a surface including a first 
surface region at a first level, a second surface 
region at a second level lower than the first lev- 
el, and a step side region linking said first and 
second surface regions together, and 
a driver circuit on said substrate for driving the 
plurality of said nonvolatile memory cells. 

28. Nonvolatile semiconductor memory device of a 
split-type comprising: 

a substrate (1); 

a channel region (9) in the substrate (1 ); 
source (7) and drain regions (8) formed to in- 
terpose said channel region (9) therebetween; 
a control gate (6) above said channel region (9); 
and 

a floating gate (4) adjacent to said control gate 
(6) with an insulating film (5) interposed there- 
between, 

characterized in that 

part (9a) of said channel region (9), which is cov- 
ered with said floating gate (4), has been implanted 
with an impurity of the same conductivity type as 
that of an impurity for said drain region (8) and is 
inverted during a write operation. 

29. Nonvolatile semiconductor memory device accord- 
ing to claim 28, 

characterized in that 

an edge of said part (9a) closer to said channel re- 
gion (9) is located at a position away from the center 
of a boundary between said control gate (6) and 
said floating gate (4) by 40 nm or less. 

30. Method for fabricating a nonvolatile semiconductor 
memory device as recited in claim 1 , 25 or 28, the 
method comprising the steps of: 

forming a first insulating film (21 ) on a substrate 
(1); 

forming a control gate (6) on said first insulating 
film (21); 

forming a sidewall (27) on at least one side of 
said control gate (6); 

etching the surface of said substrate (1) using 
at least said control gate (6) and said sidewall 
(27) as a mask, thereby forming, in said sub- 



strate (1), a concave portion (12) having a step 
side (1 3) at a position aligned with a position of 
one edge of said sidewall (27); 
forming a low-concentration impurity layer (8b\ 
5 8b) functioning as part of a drain region (8) in 

said concave portion (12) of said substrate (1); 
removing said sidewall (27); and 
forming a floating gate (4) adjacent to said con- 
trol gate (6) and overlapping said step side (1 3). 

10 

31. Method according to claim 30, 
characterized by 

further comprising the step of forming a high-con- 
centration impurity layer (9b\ 9b) in said channel 

'5 region (9) with an impurity concentration of said 
channel region (9) locally increased by implanting 
into said substrate (1) impurity ions having a con- 
ductivity type opposite to that of said drain region 
(8) using at least said control gate (6) as a mask, 

20 after formation of said control gate (6) and before 
formation of said floating gate (4). 

32. Method according to claim 31 , 
characterized in that 

25 said impurity ions are implanted in said channel re- 
gion (9) through an opening of a mask layer (24). 

33. Method according to one of claims 31 or 32, 
characterized in that 

30 said impurity ions are implanted in said channel re- 
gion (9) before said concave portion (12) is formed 
in said substrate (1). 

34. Method according to one of claims 31 or 32, 
35 characterized in that 

said impurity ions are implanted in said channel re- 
gion (9) after said concave portion (12) has been 
formed in said substrate (1). 

40 35. Method according to one of claims 30 to 34, 
characterized by 

further comprising the step of forming an extremely- 
low-concentration impurity layer (9a) having a con- 
ductivity type opposite to that of said drain region 
45 (8) in said channel region (9) by implanting impurity 
ions of the same conductivity type as that of said 
drain region (8) into said step side (13) after said 
concave portion (12) has been formed in said sub- 
strate (1 ) and before said floating gate (4) is formed. 

so 

36. Method according to one of claims 30 to 34, 
characterized by 

further comprising the step of forming an extremely- 
low-concentration impurity layer (9a) having the 
55 same conductivity type as that of said drain region 
(8) in said channel region (9) by implanting impurity 
ions of the same conductivity type as that of said 
drain region (8) into said step side (13), after said 
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concave portion (12) has been formed in said sub- gion (13). 

strate (1 ) and before said floating gate (4) is formed. 

37. Method according to one of claims 30 to 34, 
characterized by 5 
further comprising the step of forming an extremely- 
low-concentration impurity layer (9a) having a con- 
ductivity type opposite to that of said drain region 

(8) in said channel region (9) with an impurity con- 
centration in a part of said channel region (9) adja- 10 
cent to said drain region (8) locally decreased by 
implanting into said substrate (1) impurity ions hav- 
ing the same conductivity type as that of said drain 
region (8) using at least said control gate (6) as a 
mask, after said control gate (6) has been formed is 
and before said concave portion (1 2) is formed in 
said substrate (1). 

38. Method according to one of claims 30 to 34, 
characterized by 20 
further comprising the step of forming an extremely- 
low-concentration impurity layer (9a) having the 
same conductivity type as that of said drain region 

(8) in said channel region (9) with an impurity con- 
centration in a part of said channel region (9) adja- 25 
cent to said drain region (8) locally decreased by 
implanting into said substrate (1) impurity ions hav- 
ing the same conductivity type as that of said drain 
region (8) using at least said control gate (6) as a 
mask after said control gate (6) has been formed 30 
and before said concave portion (1 2) is formed in 
said substrate (1). 

39. Method according to one of claims 35 to 38, 
characterized in that 35 

said extremely-low-concentration impurity layer 
(9a) is formed before said low-concentration impu- 
rity layer (8b\ 8b) functioning as part of said drain 
region (8) is formed. 

40 

40. Method according to claim 35 or 36, 
characterized in that 

said extremely-low-concentration impurity layer 
(9a) is formed after said low-concentration impurity 
layer (8b\ 8b) functioning as part of said drain re- 45 
gion (8) has been formed. 

41. Method according to one of claims 35 or 36, 
characterized in that 

during the step of forming said low-concentration 50 
impurity layer (8b\ 8b) functioning as part of said 
drain region (8), impurities of the same conductivity 
type as that of the impurities for said drain region 
(8) are implanted into the bottom (53) and into the 
side (52) of said concave portion (12, 51), thereby 55 
concomitantly forming said low-concentration im- 
purity layer (8b', 8b) and said extremety-low-con- 
centration impurity layer (9a) in said step side re- 
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